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Glass has wide ranging applications in numerous optoelectronic devices starting 
from protective covers in solar modules to micro-optical elements in image 
sensors. Minimizing reflection losses in glass substrates can, therefore, increase 
the proportion of light transmitting to the underlying device and can potentially 
enhance its performance. Reflection occurs when light encounters an optical 
disturbance due to an abrupt change in refractive index at the interface between 
two media. Anti-reflective coatings (ARC) fabricated on glass surface can provide 
a smooth transition in refractive index at the interface, thereby minimizing 
reflection losses. However, fabrication of ARC on glass has posed challenges due 
to stringent index matching requirements and limited choice of low-refractive 
index materials. Coating uniformity over large area, robustness and durability are 
also important considerations for their practical application.  
In this thesis, nanostructured ARC of two types, namely porous nanostructured 
ARC and anti-reflective nanostructure patterns have been studied for minimizing 
reflection losses in glass. Porous nanostructured ARC of an optimally low 
refractive index have been fabricated on large-area glass substrates to impart anti-
reflection properties to glass. Important characteristics of anti-reflection namely, 
broadband and omnidirectional properties are further enhanced by incorporating a 
gradient refractive index at the glass interface. This is achieved through periodic 
arrays of nanostructures, emulating those in the eyes of biological moths. For this 
purpose, a hybrid polymer formulation is optimized to combine better optical 
properties with mechanical robustness, chemical and thermal stability. This 
 IX 
 
results in achieving very high transmittance in glass and underpins the robustness 
and durability exhibited by the miniscule arrays.  
Glass substrates equipped with micro-lens arrays are ubiquitous in image sensors, 
light emitting diodes and photovoltaics. Moth’s eye nanostructure patterns 
fabricated on these micro-lens arrays could also help minimize reflection losses in 
the devices. However, major challenges remains in fabricating these multi-scale 
arrays on large-area substrates using a simple and scalable technique. In this 
study, fabrication of the multi-scale arrays has been demonstrated by a distinct 
approach called the sacrificial layer mediated nanoimprinting. In addition to 
enhancing the omnidirectional anti-reflection properties, the multi-scale arrays 
exhibit superior water repellency that can help retain the optical properties of the 
arrays even in wet and humid conditions. These multi-functional properties could 
potentially enhance the performance of optoelectronic devices incorporating the 
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1.1 Background and motivation 
Sustained attention towards energy efficiency and performance enhancements in 
optoelectronic devices has spurred worldwide research on ways of minimizing 
electrical and optical losses in devices. Fresnel reflection of light occurring in 
these devices is a major cause of optical loss. These losses, for instance, affect the 
power output from solar modules and picture quality in image sensors.[1,2] 
Optical losses consist of light which could have generated an electron-hole pair in 
a device, but does not, because it is reflected from the front surface or not 
absorbed in the photoactive region of the device. Any change in the velocity of 
light, caused by two media having different refractive index, is detected as an 
optical disturbance, resulting in reflection of light.[3]    
Glass is used, both as an optical as well as a protective unit in many 
optoelectronic devices including photovoltaics (PV). However, reflection losses in 
glass amount to ~ 8% (at normal incidence) at the air-glass interface. This loss is 
multiplied manifold when many transmitting optical components are involved 
e.g., in the case of microscope. Additionally, a reflection loss in glass further 
increase as light is incident at oblique angles. That is why PV, in some cases are 
made to automatically track the sun throughout the day, which obviously incurs 
additional power consumption. Planar glass used in architectural or decorative 





reflection of light from oncoming vehicles at night causes glare in automotive 
window shields that severely compromises the visibility of the driver, thereby 
posing great risk.  
Besides planer glass, glass with micro-lens arrays are used for specialized 
applications in Complementary Metal Oxide Semiconductor (CMOS) image 
sensors, solar cells and various other miniaturized visual systems.[4-6] Reflection 
losses in these micro-lens arrays result in appearance of glare in pictures and 
reduced contrast in images under low-light conditions.[7] Solar cells 
incorporating the micro-lens arrays also witness a loss of photons due to reflection 
of light that potentially affects their efficiency.[5] 
Anti-reflective coatings (ARC) are an important way to minimize the reflection 
losses in a substrate. They introduce a smooth transition in refractive index at an 
interface that reduces the Fresnel reflection in the substrate.[3] ARC equipped 
substrates and devices have made significant inroads into our present day 
optoelectronics. Vapour-deposited thin-films of silicon nitride have been used as 
ARC in commercial Si wafer solar cells for many years.[8] Quest for high 
efficiency absorbers has led to extensive research in developing ARC equipped Si 
by numerous distinct ways. Suppression of reflectance over a broader range of 
wavelengths and oblique angles of incidence are also highly desirable and 
constitute an area of active research. With application of ARC ranging from high-
end space applications to ordinary ophthalmic lenses, the market for such optical 
coatings has grown by leaps and bounds. The global value for optical coatings is 





ARC is steadily growing, particularly on account of demand from PV, 
semiconductors and energy efficient infrastructures. Owing to the widespread use 
of glass, fabrication of ARC for glass has assumed paramount importance; A ~ 
75% market penetration of ARC for PV cover glass applications is evident in 
Figure 1.1. 
 
Figure 1.1: Global demand and projections for PV cover glass and market 
penetration of ARC.[10] 
 
Fabrication of ARC on glass has posed challenges due to stringent index matching 
requirements and limited choice of low-refractive index materials. For 
deployment of glass in outdoor conditions, such as in PV, it’s also essential for 
the ARC to be durable and withstand exposure to various environmental 
conditions. Thermal mismatch and poor interfacial adhesion between ARC and 
substrate can raise issues of in-service delamination, thereby limiting their real-
time use.[11] Similarly, adherence of dust or water droplets to a glass surface in 





scattering of light. In this context, taking inspirations from the ways these 
challenges have been addressed in the natural world could offer an alternative 
pathway to achieving superior ARC for glass. 
1.2 Biomimetics 
Nature has conferred distinct evolutionary advantages upon its species. These are 
smart, agile, energy-efficient and multifunctional. Since the advent of modern 
science, they have served as inspiration for making new, technologically 
advanced materials and devices. This practice of imitating best strategies from 
nature is called Biomimetics.[12] From Leonardo da Vinci’s aviomorphic flight 
designs to Gecko feet inspired dry adhesives and lotus leaf imitating waterproof 
cloths, Biomimetics has enabled us to surmount technological challenges in 
unthinkable ways. 
Biomimetics has profoundly influenced the field of photonics as well. Strikingly 
vivid blue color of butterfly wings and iridescence in beetles and fish due to 
natural photonic crystals (Figure 1.2) such as hierarchical Christmas-tree shaped 
patterns, gyroids, alternating-index films and opal shaped arrays, have led to an 
immense interest in development of their biomimetic analogous.[13,14] Unique 
hierarchical patterns found in the compound eyes of insects, shown in Figure 
1.2(e) and (f), have also served as technological inspiration for miniaturized 
devices such as image sensors, surveillance equipments and medical devices, 







1.3 Biomimetic nanostructured ARC  
Observing nature’s strategy to produce color has led to astounding revelations 
about reflection of light. Taking cues from these strategies is important in 
developing novel ways of controlling refractive index of a material, crucial in the 
design of ARC for glass. 
 
Figure 1.2: Multi-scale structures in nature. (a) Morpho Rhetenor butterfly wings 
showing a striking blue color.[17] (b) “Christmas-Tree” like ridges present on the 
wings of the butterfly.[14] (c) Iridescent wings of the weevil Lamprocyphus 
augustus.[18] (d) Cuticular exoskeleton of the weevil  showing photonic crystal 
structures.[19] (e) Compound eye of a moth [20] showing (f) convex facet lens on 





As an example, challenges in making low refractive index materials are overcome 
in nature by making composites with a ‘material’ and ‘air’, mixed in a definite 
proportion. Secondly, moths and certain other nocturnal insects show an 
unsurpassed capability to see in low-light conditions.[22] A closer examination of 
these miniaturized eyes reveal an elegant pattern of anti-reflective nanostructures, 
alternatively called the moth’s eye nanostructures, on their eyes.[23,24] The 
optical function of these nanostructure patterns is to severely reduce the reflection 
of  light thereby enhancing the sensitivity of the moth’s eyes.  
Many functional structures in nature are also multi-scale, that is, they exhibit 
hierarchical textures or patterns at both micro and nano length-scales. Notable 
examples are the multi-scale patterns in butterfly wings, shown in Figure 1.2(a) 
and (b), responsible for imparting both color and directional flow of water, water-
strider legs providing both low-drag and superhydrophobicity.[14,25] Multi-scale 
structures are also found on the eyes of moths (Figure 1.2(f)) which not only 
provide effective anti-reflection characteristics, but also enable the insect to 
maintain an unhindered vision in humid environment by resisting adherence of 
raindrops or condensed fog droplets on their surface.[26] These unique 
biomimetic strategies can be emulated to fabricate nanostructured ARCs 
optimized for glass substrates.  
1.4 Scope and objectives of the thesis 
The research described in the thesis encompasses nanostructured ARC for glass 





and anti-reflective nanostructure arrays, fabricated from low-refractive index 
inorganic and organic materials.  
The objectives of the research work undertaken in the thesis are the following: 
1. Analyse the anti-reflection properties of porous nanostructured ARC and 
anti-reflective nanostructure patterns on glass with emphasis on achieving 
broadband and omnidirectional anti-reflection properties 
2. Implement a fabrication technique to enable the fabrication of these 
nanostructured ARC on large-area glass substrate. 
3. Investigate these nanostructured ARC for adherence to glass, hardness and 
mechanical strength, chemical and thermal stability of the ARC on glass 
substrates. 
4. Study these nanostructured ARC for water repellence that could help 
maintain the superior optical properties of the ARC glass even in wet and 
humid conditions.  
1.5 Organization of the thesis 
The thesis is organized as follows: 
 Chapter 2 describes the theory of ARC and explains the key properties of 
ARC. A comprehensive study of the relevant scientific literatures, 
description of the types of ARC, their fabrication techniques, materials 
explored and current issues confronting the practical applications of ARC 





 Chapter 3 describes the fabrication of porous magnesium fluoride (MgF2) 
ARC by a polymer-directed sol-gel route on large-area glass substrates. 
The porous morphology, film-thickness and the optical properties of the 
porous MgF2 ARC glass are studied. Durability tests are conducted to 
evaluate the robustness of the porous MgF2 ARC.  
 Chapter 4 implements the polymer-directed sol-gel route to fabricate 
porous silicon dioxide (SiO2) ARC on large-area glass substrates with the 
objective of enhancing the durability of the ARC. The porous morphology, 
film-thickness and the optical properties of the porous SiO2 ARC glass are 
studied. Durability tests are conducted to evaluate the robustness of the 
porous SiO2 ARC. 
 Chapter 5 studies anti-reflective nanostructure patterns, emulating those in 
the compound eyes of moths. Formulation of a cross-linked resist using a 
hybrid polymer called polyhedral oligomeric silsesquioxane (POSS) is 
discussed with fabrication of these anti-reflective nanostructures patterns 
on glass by nanoimprint lithography. Complete structural characterization 
of the patterns, aided with finite difference time domain (FDTD) 
simulations explain the superior broadband and omnidirectional anti-
reflection properties of the patterns. American Society for Testing and 
Materials (ASTM) based tests are conducted on the ARC glass equipped 
with the anti-reflective nanostructure patterns to evaluate the durability 





 Chapter 6 studies anti-reflective multi-scale arrays, comprising micro-lens 
arrays covered with anti-reflective nanostructure patterns. These multi-
scale arrays are inspired from the compound eyes of moths. A distinctive 
fabrication approach called sacrificial layer mediated nanoimprinting is 
demonstrated for fabrication of these complex arrays on large-area 
substrates. In addition to studying the broadband and omnidirectional anti-
reflection property of these arrays, their water repellence characteristics 
are also analyzed.  
 Chapter 7 states the conclusion of the thesis with a summary of the 
observations made in the individual chapters. Recommendations for 







Light transmission and production has been an area of profound interest in 
physical sciences. The explanation of structural color of silverfish and peacock 
offered by scientists modified the popular notion of coloration.[27] Interaction of 
light with different structures became an area of active research and optical 
phenomena such as interference and scattering of light explained the rich diversity 
of colors seen in biological species. It was this quest for understanding nature's 
optical strategy that laid the foundation of anti-reflectivity. The large lusterless 
eyes of nocturnal moths were analyzed for the first time using ultra-powerful 
scanning electron microscopes. The cuticular protuberances called nipple arrays 
on the cornea of the moths were found to be an effective biomimetic pathway to 
achieving superior anti-reflectivity.[23,24] 
The concept of anti-reflectivity was initially proposed by Lord Rayleigh in the 
19th century based on a serendipitous observation of tarnishing of glass 
improving its transmittance than lowering it.[28] This led to the idea of achieving 
anti-reflectivity by incorporating a thin-film at an interface (e.g., substrate/air) 
with a relatively lower refractive index than that of the substrate. The first anti-
reflective coatings (ARC) on glass were fabricated in 1817 by Fraunhofer based 
on his observation that reflection was reduced as a result of etching a surface in an 





Over the years ARC have been studied in great detail and numerous 
nanofabrication techniques have been explored for their fabrication. ARC have 
also been commercially used in an exceedingly large-number of optoelectronic 
devices such as surface-emitting lasers, optical data storage, camera lenses, 
eyeglasses, sensors for aeronautical applications, automotive glass, flat panel 
displays etc.[2,3,30-33] ARC on top glass cover of photovoltaics (PV) have 
helped reduce reflectance of the PV over a broad spectrum and oblique angles of 
incidence. As for solar cells, silicon nitride or titanium dioxide coatings of sub-
micron thickness have produced effective reduction in reflectance.[8,34] Textured 
front surface of solar cells especially in mono-crystalline silicon has also helped 
increase light coupled to the cell thereby maximizing its efficiency.[35]  
2.2 The physics of ARC 
Reflection is caused when light encounters an abrupt change in medium during its 
propagation. A medium (glass, water, air, etc.) is characterized optically by the 
parameter, refractive index (n) which quantifies the speed of light in the current 
medium with respect to that in vacuum. Thus, as light travels, eyes can spot an 
optical disturbance in the form of reflection if there is a change in refractive 
index. According to Fresnel, the fraction of incident light reflected at the interface 
is measured by reflectance, R and the rest transmitted (refracted) is measured by 
transmittance, T. 
The following assumptions are made to formulate the conditions for anti-
reflection: 





 Other optical interactions such as scattering, absorption, etc., are 
negligible. 
The expression for reflection for light propagating through a single layer thin-film 

















𝑅 =  (
𝜂0 −  𝑌
𝜂0 +  𝑌
) (
𝜂0 −  𝑌




Here, η1 has two different expressions for the two different polarization states of 
light (namely, s and p). For p-polarized light, ηr = nr / cos θr and for s-polarized 
light, ηr = nr cos θr.  
Applying Snell’s law to the following case we get: 
𝜂0 sin 𝜃0 =  𝜂1 sin 𝜃1 =  𝜂2 sin 𝜃2 
As light propagates through the thin-film it undergoes a phase change given by, 
𝛿𝑟 =  
2 𝜋 𝑛𝑟𝑑𝑟 cos 𝜃𝑟
𝜆
, where nr is the refractive index and dr is the thickness of the 
layer.  
 
Figure 2.1: Propagation of light rays through (a) a single layer film on a substrate 









The criterion for achieving perfect anti-reflectivity is that all the reflected waves 
undergo destructive interference and R = 0. Applying the condition for destructive 
interference, we get 
𝛿 = 𝑘𝜋/2, which implies that the reflected waves are π radian out of phase. 
Considering normal incidence, that is θr = 0, we get 




This implies that the thickness, d1 of the anti-reflective coating (single-layer) must 
be sub-wavelength. 
Assuming normal incidence and substituting (2) and (3) in equation (1) we get:  







Applying the condition R = 0, we get, 𝑛1 = √𝑛0𝑛2. This implies that the 
refractive index of the ARC must be geometric mean of the indices of the 
substrate and the surrounding medium.   
In summary, the two conditions for single-layer ARC on a substrate are the 
following: 
 Thickness of the coating = λ/(4 n1). 
 Refractive Index, 𝑛1 = √𝑛0𝑛2 . 
2.3 Computational tools for the analysis of ARC 
2.3.1 Effective medium theory (EMT) 
Calculating the permittivity or refractive index of heterogeneous materials from 







fabrication of ARC. EMT was one such analytical technique to determine the 
effective permittivity of a composite media as a function of the permittivity of its 
homogeneous constituents.[37] While a large number of approximate analytical 
expressions can be found in literature, Garnett and Bruggeman models provide the 
basic framework of EMT (Table 2.1). The Maxwell-Garnett (MG) model applies 
to a “homogeneous” mixture under wave propagation.[38,39] For a homogeneous 
mixture of materials with refractive index n1 and n2, mixed in a volume fraction f, 
MG model can give the effective refractive index, n as a function of f, as shown in 















Bruggeman’s approximation applies to an inhomogeneous film where the film can 
be assumed to comprise layers of “homogeneous” mixtures.[40] For example, a 
medium consisting of k number of layers, each characterized by refractive index 
nk and volume fraction fk, can be approximated to have an effective refractive 









2.3.2 Rigorous coupled wave analysis (RCWA) 
The discovery of superior anti-reflection and other photonic nanostructures in 
nature led to study of the interaction of light waves with these structures. 
Advanced photonic modeling tools were required to compute exact solution of 







structures. The RCWA is one such photonic modeling technique that uses 
Maxwell’s equations in frequency-domain forms.[41] The cross-section of the 
periodic structures (such as gratings or nanostructure arrays) or a groove is 
considered to be divided into a large number of thin parallel layers, as shown in 
Figure 2.2. Each layer is characterized by permittivity and EM components, 
represented by Fourier expansion. The whole region is divided into three sections: 
reflected, grating and transmitted region and boundary conditions are applied to 
neighboring layers to form a matrix. The Maxwell’s equations are solved for each 
matrix and the process is iterated for the whole structure. 
 
Figure 2.2: An approximated grating profile of the actual grating to simulate the 
interaction of light.  
2.3.3 Finite-difference time-domain (FDTD) 
The RCWA technique remains an efficient and fast modeling tool for periodic and 





is a much more efficient tool for modeling large scale structures and 
characterizing devices over very large frequency ranges.[42] FDTD is also 
applicable to nano- and microstructures of arbitrary shapes, allowing study of 
various shapes (and index profiles) of gratings and hybrid structure arrays. The 
FDTD technique involves discretizing the Maxwell equations in time and space 
domains and solving the equations to obtain “update equations”.  This is 
analogous to the frequency-domain discretization performed in case of RCWA, 
discussed in the Section 2.3.2. These equations express the calculated electric and 
magnetic fields of a unit cells (called Yee’s cells as shown in Figure 2.3 (a)) based 
on information of the electric and magnetic fields of the previous Yee cells thus, 
forming an iterative process called the Yee’s algorithm. Figure 2.3 (a) illustrates 
the electric and magnetic field components about a Yee’s cell in the Cartesian 
coordinates. To simulate real-time conditions while managing the memory 
requirements, simple absorbing boundary conditions are applied to terminate the 
grid formed from arrangement of the Yee’s cells.  
 
Figure 2.3: (a) A typical Yee cell in Cartesian coordinates. (b) Calculated spectral 
reflectance of Si with pyramid gratings with periodicity of 100 nm and aspect 





For more complex structures, the perfectly matched layer (PML) is considered the 
state-of-the-art for terminating the FDTD grids. As an example, pyramidal sub-
wavelength structures (SWS) were analyzed using for ARC on silicon (Figure 2.2 
(b)).[43] The simulation predicted that the reflectance should decrease drastically 
with an increase in the aspect ratio d/Λ (d and Λ represent the height and the 
periodicity of the SWS respectively). As shown in Figure 2.2 (b), it was found 
that reﬂectance of Si can be reduced below 1% over a spectral range of 300 to 
1000 nm, by using the pyramidal SWS arrays of Λ= 100 nm and d/Λ= 4.0. 
2.4 Characteristics of perfect ARC 
2.4.1 Broadband anti-reflection.  
Suppression of Fresnel reflection in a substrate (e.g., glass) over a broad range of 
wavelengths of the incident light is called broadband anti-reflection.[3] Design of 
ARC based on refractive index matching in the visible region of incident light, 
doesn't ensure a match in the ultraviolet (UV) or the near infra-red (NIR) region. 
This affects the transmittance of ARC glass for wavelength other than the target 
region. However, broadband ARC that can suppress reflection over a wider 
spectrum of incident light are highly desirable in various optoelectronic devices. 
Current research in broadband ARC is mostly centered on multiple layer ARC 
and gradient refractive index coatings.  
2.4.2 Omni-directional anti-reflection. 
The reflection of light, in both forms of polarization, increases in direct 





Brewster’s Angle (Figure 2.4). Many optoelectronic devices, PV for instance, 
experience large variations in solar incident angles annually, which may introduce 
inconsistency in their performance.[44] Secondly, eyeglasses with ARC often 
appear reddish when looked at an angle. This is due to higher reflections observed 
at increasingly oblique angles of incidence. Thus, ARC for glass, Si or other 
substrates have to be designed to offer consistent reduction in reflection over a 
wider range of incident angles. Strategies to achieving such superior anti-
reflective property involve replicating nanostructures found in the eyes of moths 
or vacuum depositing materials of gradually reducing refractive index.[35,45] 
 
 
Figure 2.4: The specular reflectance of glass for light incident at angles from 0° 
to 90°. Reflectance of s-polarized light reaches a minimum at the Brewster’s 
angle and increases sharply thereafter. Both, p-polarized and unpolarized light, 







2.5 Types of ARC 
2.5.1 First generation ARC (based on number of layers) 
2.5.1(a) Single layer ARC: The objective of a single layer ARC was to achieve 
destructive interference of incident light by creating an optical path difference of 
λ/2, or an odd multiple λ/2.[1] Single layer ARC were found to moderately 
suppress reflectance at the target wavelength, for which they are designed (Figure 
2.5(a)). In case of Si solar cells, materials suitable for single-layer ARC such as 
TiO2, SiNx, ZnO etc. have been studied for reducing reflectance and enhancing 
their efficiency.[8,34,47] However, in the case of glass the calculated ideal 
refractive index of typical single-layer ARC is 1.22. Finding a suitable material 
with such lower refractive index for application as ARC on glass is a challenge.  
2.5.1(b) Multiple layer ARC: Multiple layer ARC are designed to offer 
reflectance suppression over a broader spectrum than single layer ARC. Double-
layer or bilayer ARC for instance, can achieve zero reflectance with equal optical 
thickness (n1d1 = n2d2 = λ/4), if a high index layer (such as aluminum oxide with 
refractive index 1.69) is coated prior to the low-index layer (such as magnesium 
fluoride with refractive index 1.38). The reflectance of double-layer ARC 
resembles a V-shape, as shown in Figure 2.5(b) which is why they are 
alternatively called V-coatings.[1]   
Reduction in reflection over a much broader spectrum was achieved by realizing 
triple layer ARC on substrates. Figure 2.5(c) shows the reflectance profiles of 





magnesium fluoride on a film of zirconium dioxide followed by a sub-wavelength 
film of cerium (III) fluoride on glass. Similarly, an example of multi-layer ARC is 
the SiO2/SiO2-TiO2/TiO2 triple-layer ARC fabricated on monocrystalline Si solar 
cells that reduced the reflectance of Si up to 3.2%.[49] Multiple layer ARC are 
designed to achieve a gradient refractive index, which is discussed in the next 
section. 
 
Figure 2.5: Comparison of the reflectance curves obtained for (a) single-layer 
ARC of sub-wavelength thin  MgF2 ARC on glass, (b) double-layer ARC of sub-
wavelength thin Al2O3-MgF2 layer on glass and (c) three-layer ARC comprising 
MgF2-ZrO2-CeF3 on glass.[1] 
2.5.1(c) Gradient refractive index ARC. Gradient refractive index (GRIN) ARC 
were designed to achieve both broadband and omnidirectional anti-reflective 
property.[49-52] As shown in Figure 2.6(a) and Figure 2.9(a), a gradual transition 
in refractive index from air to substrate presents a scenario, theoretically 
explained by Lord Rayleigh to produce much less reflection than an abrupt 
media.[28] Additionally, gradient index optics takes advantage of the gradual 
inward bending of light incident at oblique angles (Figure 2.9 (a)). Thus, as light 
rays deviate less from the normal, their transmittance naturally increases through 





The refractive index profiles of the GRIN ARC follow certain mathematical 
expressions such as linear, parabolic, cubic or higher order functions. Southwell 
has proposed the following equations defining various gradient refractive index 
(GRIN) profiles:[53]  
 Linear index profile, n = ni + (ns – ni) t, 0 ≤ t ≤ 1 
 Cubic index profile, n = ni + (ns – ni) (3t2 – 2t3) 
 Quintic index profile, n = ni + (ns – ni) t (10t3 – 15t4 + 6t5) 
Where, ni and ns are the refractive index of the incident medium and substrate 
respectively and t is the thickness of the film.  
Southwell showed that such sequences of polynomials, describing a graded 
interface do not indefinitely enhance the anti-reflective property. Based on his 
analysis, qunitic index profiles of thickness close to the wavelength of light 
behave as near optimum GRIN ARC.[53] In 2007, Xi et al. experimentally 
verified this hypothesis by fabricating GRIN ARC comprising TiO2 and SiO2 
nanorods inclined at different angles.[54] They observed that these unique 
structures reduced the reflectance of Si substrates, to values < 0.1%, regardless of 
the polarization of light (Figure 2.6 (b)). They also fabricated a hybrid multi-layer 
configuration having three layers of TiO2 nanorods and two layers of SiO2 
nanorods above it, on Si substrates, as shown in Figure 2.6 (c). A gradual 
transition in refractive index from 2.03 at the bottom to 1.05 at the top produced a 
reduction in reflectance of ~ 0.3% for incident angles from 0° to 55°.  
One of the limitations of the GRIN ARC is the difficulty in finding materials with 








suitable low refractive index materials may not be directly available in nature, 
creating them often involves complicated and expensive fabrication processes. 
Additionally, materials comprising the subsequent layers should have very good 
bonding between layers as wells as with the substrate. Substrates equipped with 
ARC are often exposed to outdoor conditions and any delamination within the 
layers, caused by thermal effects or mechanical stress, might also deteriorate the 
performance of the ARC thereby limiting their durability. 
 
 
Figure 2.6: (a) A smooth transition in refractive index obtained in GRIN ARC 
versus a sharp drop encountered in single-layer ARC. (b) Shapes of linear, cubic 
and quintic refractive index profiles with respect to the height of ARC, calculated 
reflectance of these profiles for different wavelengths of visible light and different 
incident angles.[54] (c) Cross-sectional SEM image of a GRIN ARC with a 
quintic-index profile. The gradient index coating consists of three layers of 






2.5.2 Second generation ARC (based on surface topography) 
2.5.2(a) Porous ARC: Fabrication of ARC for glass, which is the most 
commonly used optical component in many optoelectronic devices, is limited by 
the choice of materials. This limitation arises because of the calculated optimum 
refractive index for ARC on glass which is 1.22. Available materials with lowest 
known refractive index are MgF2 and CaF2 (refractive index 1.38). The mismatch 
in indices could be overcome by fabricating a porous structure that has an 
intermediate refractive index between the index of the bulk material (e.g., MgF2) 
and the surrounding medium (e.g., air).  
The relationship between refractive index and porosity is given by the following 
equation:[55] 




2 − 1) + 1]1/2 
Where npc, ndc and P are the refractive index of the porous and dense media and 
the porosity percentage respectively.  
Imparting porosity to glass surface has traditionally involved etching. A recent 
report by Liu et al. describing a two-step etching of photovoltaic glass is 
notable.[56] Presence of CaO and Na2O in these glasses was utilized to 
selectively remove them by chemical treatment thus, creating an initial porous 
network, shown in Figure 2.7(a). Further porosity was imparted to the topmost 
layer by an hydrofluoric acid (HF) based etching of SiO2. They reported a 
transmittance of 99% for wavelengths from 389–1027 nm. As for porous MgF2 






(Figure 2.7(b)), involves the use of HF which requires special handling due to the 
extremely hazardous nature of hydrofluoric acid.[57]  
The strategy of imparting porosity also lends itself effectively to fabrication of 
ARC for Si substrates. Porous silicon (PSi), shown in Figure 2.7(c) are a layer 
comprising nanometer-sized voids on the surface of Si substrates. Reflective 
properties of PSi films on the outer region of p/n+ junction have been studied in 
solar cells by etching the outermost region in the presence of HF/HNO3.[58] The 
study claims that a 100 nm thick layer gives the best conversion efficiency (12%) 
for 10 × 10 cm2 multi-crystalline cells. 
For glass and other substrates, besides etching various other techniques have been 
explored for fabrication of porous ARC. In recent times, sol–gel, adsorption of 
colloids into polyelectrolyte multilayer and selective dissolution of spin-coated 
films have also been implemented for fabrication of nanoporous ARC on Si and 
various other substrates.[59-61] 
 
Figure 2.7: (a) Etching of PV glass resulting in porous SiO2 ARC on glass.[56] 
(b) Cross-sectional SEM image of a porous MgF2 ARC fabricated on glass by 
reaction between MgCl2 and HF.[57] (c) Inner structure of a chemically etched 
porous Si layer on Si.[58] 
 
2.5.2(b) Biomimetic “moth's eye” nanostructures: Miniaturized visual systems 
found in arthropods have spurred the interest of scientists since the publication of 





systems have revealed a curvilinear surfaces, as shown in Figure 2.8(b) on which 
are present an array of hexagonally packed convex microlenses, called 
“ommatidia” that focus light onto the internal photoreceptor cells (Figure 
2.8(c)).[62] However, certain nocturnal species, such as the Atticus Atlas moth 
and some deep water crustacean have eyes far more sensitive to light, showing 
remarkable visual acuity in low-light conditions.[23,24,64] 
In 1962, Bernhard and Miller discovered that the ommatidia in the compound 
eyes of these insects are actually covered with an elegant array of nanostructures 
as shown in Figure 2.8(d).[23,24] The optical action of these nanostructures was 
found to be a severe reduction in reflection. 
 
Figure 2.8: (a) Image showing the lusterless eyes of a moth.[20] (b) Image of a 
compound eye showing a curvilinear array of micro-lenses.[65] (c) SEM image of 
the facet micro-lenses called ommatidia arranged in a hexagonal lattice.[21] (d) 
High magnification SEM image of the ommatidia showing the close-packed anti-






Miller supported the theory by proposing the camouflage hypothesis that these 
nanostructures make the insect’s big eyes appear lusterless while they are inactive 
during daytime thereby disguising predators.[67] The nanostructures found in the 
compound eyes of hawkmoths were protuberances measuring ~ 250 nm in 
diameter and height and were arranged in hexagonal close packed lattice.[68] 
Various other species such as butterflies and moths, Cephonodes hylas were also 
observed to have these nanostructure arrays on their transparent wings.[69] 
Bernhard et al. inspected and found nearly 361 species of insects with the 
nanostructure arrays in varying aspect ratios and packing densities.[68] In fact, 
distinct anti-reflective nanostructures were detected in the eyes of carefully 
preserved fly of the Eocene period. Parker et al. found that the cornea of the 
Eocene Dolichioidid is covered with sinusoidal gratings (refractive index = f[sin 
g(x)]) of 250 nm periodicity and has an outstanding omnidirectional anti-
reflective property.[70] Later, Clapham et al. and Wilson et al. explained that the 
anti-reflective property of these nanostructures emerge from a gradation of the 
refractive index between air and the cornea surface, akin to the GRIN ARC 
discussed in Section 2.5.1(c).[64,71]  
The difference in the interaction of light with nanostructure arrays as opposed to 
macrostructures is illustrated in Figure 2.9. Light incident on a macrostructure 
would normally undergo reflection and scattering, after being partly absorbed in 
the macrostructure (Figure 2.9 (b)). However, nanostructure arrays having 
dimensions less than the wavelength of visible light can no longer be resolved by 





gradual transition in refractive index called a GRIN media (Figure 2.9 (c)). This 
results in decreased reflection and improved transmittance of light with 
wavelength larger than the spacing period. It has been explained in Section 
2.5.1(c), how a GRIN medium enhances the transmittance of light over a broad 
spectrum and wide range of incident angles.  
 
 
Figure 2.9: (a) An illustration showing the light path through a gradient refractive 
index medium based on Rayleigh’s theory. (b) Light reflected or scattered from a 
macrostructure. (c) If dimensions of the structures are comparable to half the 
wavelength of light, light would treat the structures as an effective medium with a 
gradient index profile. (d) Anti-reflective nanostructure in eyes of other species 
such as the nymphalids Bicyclus anynana and Polygonia c-aureum (1,2), the 
pierid Pieris rapae (3), the lycaenid Pseudozizeeria maha (4) and the 
papilionid Papilio  xuthus (5).[66] 
 
Initial efforts to simulate the interaction of light with the moth’s eye 
nanostructures involved treating the nanostructure arrays as multiple homogenous 
layers with 100% material (Chitin, refractive index is 1.5) at the base and 100% 





moth’s eye nanostructures with a sub-wavelength thin-film and found that the 
former showed much better anti-reflection over a wider spectrum.[23,24] It was 
also observed that for the nanostructure arrays, effective anti-reflection was 
obtained, if the ratio 
𝑑
𝜆
≥ 0.4, where d is the height of the nanostructures.[64,72] 
The second design parameter of interest was the spacing between the 
nanostructures. Theory of diffraction gratings provided the correlation for the 
critical separation between the nanostructures by allowing only zero order 
diffraction in case of moth’s eye nanostructure arrays. Given below is the 
equation for diffraction gratings:[73] 




Where θm and θi are the angles of reflected and incident beams respectively, m is 
the diffraction order, λ is the wavelength of light and p is the periodicity of the 
gratings. Applying the condition for suppressing the diffraction orders starting 
from m = ±1, for both normal and oblique angles of incidence, the equation takes 




To summarize, the two conditions for obtaining anti-reflection property for any 








Studies on optimum refractive index of the moth’s eye nanostructures based on 
their shapes were also undertaken. Conical, parabolic and gaussian-bell shapes 
were analyzed and parabolic shaped protuberances were found to be the best at 







The moth’s eye nanostructures evidently offered broadband and omnidirectional 
anti-reflection properties.[35,74,75] Being monolithic and comprising a single 
material they also offered far greater mechanical robustness than multi-layer 
coatings. Thus, fabrication of the synthetic replicas of moth’s eye nanostructures 
on planer substrates was undertaken. Different techniques such as e-beam writing, 
mask lithography, and interference lithography were employed to fabricate 
uniform arrays of moth’s eye anti-reflective nanostructures.[71,76-80] The 
foremost approaches using interference lithography involved crossing three 
gratings at 120°. However, most of these approaches proved quite costly and not 
amenable to mass production. Secondly, the above sated condition (d/λ ≥ 0.4) for 
broadband anti-reflection is satisfied for height, d > 100 nm. At these length 
scales, conventional fabrication technologies suffered from being time-
consuming, expensive and complicated.  
Over the years, various other nanofabrication techniques have also been employed 
for the fabrication of moth’s eye nanostructure arrays. Reports of successful 
replication of moth’s eye nanostructures on glass,[71] photo anodes[81] and 
silicon[35] by techniques such as etching,[82] self-assembly,[83] and most 
recently, nanoimprint lithography (NIL)[84,85] bear testimony to the 
implementation of alternative fabrication pathways. Various approaches for the 








 2.6 Techniques for fabrication of ARC 
2.6.1 Sol–gel processing.  
The most commonly used techniques for sol-gel synthesis of ARC are dip-coating 
and spin-coating. In dip coating (illustrated in Figure 2.10 (top)) the substrate is 
immersed into a precursor solution (sol-gel) and withdrawn at a controlled 
speed.[86] On the other hand, spin-coating (illustrated in Figure 2.10 (bottom)) 
involves rotation of the substrate with a precursor dispersed on its surface, at a 
controlled speed.[87]  The precursor is prepared by mixing metal organic 
compound in an organic solvent.[88] The solution is either dip- or spin-coated on 
the substrate, followed by gelation during the evaporation of the solvent. A final 
heat treatment of the coated film transforms it into metal oxide or fluoride 
(depending on the precursor incorporated) and leads to removal of the organic 
byproducts present in the film. Sol–gel processing has been in use for commercial 
scale production of ARC glass since 1964. The foremost ARC manufactured for 
commercial purpose were multi-layer ARC such as a three-layer TiO2/SiO2-TiO2-
SiO2 ARC on silicate glass with applications such as framing glass for paintings, 
plastic lenses, architectural glass and detachable contrast enhancement filters for 
monitors.[49,88-92]  
Porous ARC have also been fabricated by the sol–gel technique. One particularly 
notable approach involving sol-gel technique, was developed by Walheim et al. to 
fabricate porous polymer ARC.[61] This approach involved phase-separation of a 
binary polymer blend such as, polystyrene and polymethyl-methacrylate (PMMA) 





dissolution of one of the polymers by using a suitable solvent, such as 
cyclohexane in the above case. The desired minimum pore-size and maximum 
pore-volume was achieved by varying the mixing ratio in the mixture of two 
insoluble materials judiciously. The authors noted that if the length scales of the 
pores are much below visible wavelengths, a transmittance of 99.7% is obtained 
between 400–600 nm. 
 
Figure 2.10: The process steps involved in the sol-gel coating of glass using (top) 
spin coating and (bottom) dip coating.  
2.6.2 Vapor deposition techniques.  
Vapor deposition has been the most widely used commercial technique for the 
fabrication of ARC.[1] Plasma enhanced chemical vapor deposition (PECVD), for 
instance, is commonly employed to produce nitride-based ARC such as Silicon 
nitride (SiNx:H) coatings on textured Si solar cells. The nitride coatings function 
both as ARC and surface passivation layer for Si solar cells.[8,93] The deposition 





the volatile precursor(s) on a heated substrate. Development in plasma assisted 
evaporation processes has also enabled deposition of ARC on glass, GaN and 
polymer substrates. Industries, worldwide have explored various evaporation 
techniques for development of multi-layer hybrid coatings comprising anti-
reflective layers atop scratch-resistant layers.[95-98] 
 
Figure 2.11: Various sculpted thin-films fabricated by the GLAD technique. 
Morphology obtained (a) with one-sided oblique  (85°) flux (b) alternating oblique  
(85°) flux (c) rotary substrate motion and (d) exponentially increasing flux 
angle.[94] 
 
Vapor deposition has also been applied to the fabrication of GRIN ARC on Si by 
a new fabrication technique called glancing angle deposition (GLAD).[94] In this 
technique, vapor flux, incident at an angle, is deposited on a rotating substrate. 
This allows the thin film to grow with a gradually decreasing density or 
increasing porosity. The porosity of the film is dependent on the angle of vapor 





angles, the porosity of the film increased in higher proportions and vice versa. 
Structures with unusual morphologies called sculptured thin film (STF) were 
fabricated by this technique. Films with slanted, chevron, helix, vertical and other 
morphologies (Figure 2.11 (a)–(d)) led to achieving different refractive index 
profiles. For example, structures made of SiO2 exhibited a Gaussian profile 
refractive index with highest transmittance of 99.9% (up to 460 nm). 
2.6.3 Etching.  
Etching has been used for the fabrication of anti-reflective nanostructures such as 
moth’s eye nanostructures or sub-wavelength structure arrays on various 
substrates as shown in Figure 2.12. This process has commonly relied on the use 
of a mask or an arrangement of particles that mimics a mask.[32,35,99-104] For 
example, a monolayer of self-assembled spheres such as silica colloidal crystals 
served as a mask for etching Si substrates for fabrication of ARC.[105-109] Sun 
et al. incorporated the above mask on Si substrates and performed a SF6 dry 
etching to fabricate moth’s eye nanostructures on the substrates.[109] The 
diameter and height of the nanostructures were determined by the size of spheres 
and etching time. They reported a reduction in reflectance of 2.5% for Si 
substrates. Similarly, Si nanotips by plasma etching using reactive gases 
comprising silane (SiH4), methane (CH4), hydrogen (H2) and argon (Ar) (Figure 
2.13(a), pyramidal structures fabricated by etching Si, covered with monolayer of 
polystyrene spheres as mask (Figure 2.12(b)), sub-wavelength structures by using 
porous alumina membrane as mask and high aspect ratio corkscrew-like silicon 





shapes that can be fabricated with variations of masks.[101-103] Additionally, an 
anti-reflective nanostructure pattern transfer to Si involving etching and e-beam 
lithography or nanoimprint lithography is discussed in the next section. 
Wet etching has been the most widely used technique for fabrication of porous Si 
discussed in Section 2.5.2(a). Electrochemical etching of Si in a solution of 
hydrofluoric acid (HF) is a simple way to impart porosity by varying etching 
current and time of etching. Si wafer etched in a HF solution with current 
densities decreasing from 100 mA/cm2 to 0, over 10 s produced a GRIN layer of 
porous Si.[110]  
 
Figure 2.12: SEM images (a) showing a cross-sectional view of Si nanotips of 
length 1600 nm.[35] (b) Cross-section of Si nanopillar arrays created by reactive 
ion etching through mask of PS spheres.[103] (c) The inner structure of a 
chemically etched porous Si layer.[58] (d) High-density, high-aspect-ratio 
corkscrew-like silicon nanotips on Si substrates for reducing glare in NASA sun 





Wet etching approaches have also been developed for fabricating porous SiO2 
ARC on glass, notably by Liu et al.[56] (details in Section 2.6.3 (a)). 
2.6.4 Lithography.  
The discovery of anti-reflective nanostructures in the compound eyes of moths 
spurred the interest of scientists to develop synthetic replicas of the nanostructure 
arrays.[111] Their efforts were sustained in large part by development of 
lithography based patterning which had already made significant inroads into the 
semiconductor industry. Clapham et al. were the first to use interference 
lithography to fabricate moth’s eye anti-reflective nanostructures on glass.[71] 
They utilized the fringe patterns produced by the interference of two laser beams 
aligned to each other at 120°. A photoresist exposed to the interference pattern 
after development (chemical treatment), produced sinusoidal protuberances that 
resembled the moth’s eye antireflective nanostructures. However, they found that 
the technique allowed only limited control over height of the nanostructures 
which is a crucial factor in achieving effective anti-reflection property. This was 
because the height of the arrays depended on the duration of exposure and 
photoresists being sensitive to shorter wavelengths, could not be exposed for a 
longer time period. 
A high resolution technique called Electron-beam lithography (e-beam 
lithography) solved the issues of overexposure and provided better control over 
the height of the nanostructures.[112] Arrays of anti-reflective nanostructure 
comprising a suitable photoresist were fabricated using e-beam lithography and 





proposed an e-beam lithography followed by SF6 fast atom beam etching (FAB) 
to produce conical anti-reflective nanostructure arrays on Si substrates.[76] After 
the desired nanostructure patterns were fabricated in the resist layer, the patterns 
were transferred into Si substrate by an etching process.[113] A periodicity of 150 
nm and structure height of 350 nm could be achieved and a broadband reduction 
in reflectance of less than 3% was reported by the group. Toyota et. al. 
demosntrated that e-beam lithography along with a chrome mask-assisted reactive 
ion etching can fabricate moth’s eye nanostructures in fused silica.[78] The 
reflectance of the fused silica substrate was reported to be less than 0.5% for 
wavelengths from 400 – 800 nm. However, the e-beam writing on an area as 
small as 1.2 mm × 1.2 mm took about 10 h to complete. 
A pattern transfer technique called Nanoimprint lithography (NIL), developed in 
1996 received great attention due to its simplicity and has since made significant 
progress in high throughput patterning with great precision.[114-117] It has also 
proved to be an economical process. In 2003, the International Technology 
Roadmap for Semiconductors (ITRS), recognized NIL as one of the candidates 
for future integrated circuit production.[115]  
 
 
Figure 2.13: A schematic showing a typical nanoimprint lithography (NIL) 






Figure 2.13 shows a schematic of the process steps involved in the NIL 
fabrication technique. A master mold containing nanoscale-relief features, is 
embossed onto a resist (polymer based) thin-film formed on a substrate. The 
embossing is carried out at a controlled pressure and temperature to ensure 
conformal filling of the resist within the crevices of the patterns. Temperature 
plays a crucial role in cross-linking of the resist as well as effective curing or 
hardening of the resist thereby preserving the imprinted pattern. 
Since NIL depends on mechanical deformation of the resist materials, it can 
achieve structural resolutions beyond the limitation set by diffraction of light or 
scattering of beams – issues that are encountered in other lithography 
techniques.[115] A variation of the NIL technique called ultra-violet (UV) NIL, 
uses UV-curable resists and a transparent stamp for imprinting. Instead of thermal 
curing, UV exposure cures the resist during imprinting.[118] 
To accurately reproduce the biological anti-reflective nanostructures many 
researchers have directly used the natural sources as template for replication. Xie 
et al., for instance, demonstrated that the wings of Cicadia’s (Cryptympana atrata 
Fabricius) can be used as a bio-template to replicate the anti-reflective 
nanostructures on its wings, as shown in Figure 2.14(a).[119] The wings of 
cicadia served as molds for directly imprinting the nanostructure patterns into a 
PMMA thin-film. To avoid any surface damage to the cicadia wings, most 
recently Zhang et al. have demonstrated the use of photocurable liquid 
perfluropolyether (PFPE) that lowers the surface energy of the mold to facilitate 





multi-scale, ommatidia (convex micro-lens arrays) with anti-reflective 
nanostructures, found in the compound eye of certain arthropods, using the same 
approach. Huang et al. have reported a technique comprising atomic layer 
deposition of alumina (Al2O3) precursor followed by curing of the same at 500 




Figure 2.14: (a) A stepwise bio-replication technique using Cicadia wing as a 
bio-template.[119] (b) SEM image of an alumina replica of a compound eye. (c) 
The ommatidial array was transferred from the original fly eye to the alumina 








A minimum reflectance of 0.7% for Si substrate, that only increased to a marginal 
0.96% at an incident angle of 80°, showed great potential for obtaining 
omnidirectional anti-reflective property. The original fly eye was, however, lost 
during the annealing. Ko et al. have demonstrated a similar strategy to replicate 
ommatidial morphology found in Attacus atlas moth.[63] They have 
demonstrated the use of photocurable liquid perfluropolyether (PFPE) for 
efficient pattern transfer from the insect’s compound eyes. Master molds have 
also been made by e-beam lithography or other techniques and have been made 
commercially available by NIL Technology, Ltd. etc.[122]  
Moth eye nanostructures have been fabricated by NIL on substrates ranging from 
glass to solar cells. NIP-K28TM imprinted glass substrates with a transmittance of 
95%, polyvinyl chloride (PVC) imprinted moth’s eye nanostructure arrays 
(transmittance, 96%) and PMMA moth’s eye nanostructures enhancing 
transmittance to 96% are some of the relevant examples.[84,123,124] UV-curable 
resin (NIP-K28TM) based anti-reflective nanostructures on commercial GaAs solar 
cell, PMMA moth’s eye layers on polycrystalline Si solar cells and most recently, 
AlInP nanostructures on dilute nitride solar cells have also led to appreciable 
improvement in the efficiency of solar cells.[85,125,126] 
2.7 Materials used in fabrication of ARC 
2.7.1 Silicon-based ARC.  
As solar power generation has emerged as one of the most rapidly growing 





assumed paramount importance in research domain. ARC and sub-wavelength 
structures present a straightforward approach to coupling more light to the solar 
cell and improving its efficiency. In Sections 2.6.3 and 2.6.4 several ways to 
fabricate biomimetic Si nanotips (Figure 2.15 (a)), Si tapered nanopillars (Figure 
2.15 (b)) and porous morphologies on Si (Figure 2.15 (c)), have been discussed at 
length. Dominant practices involving vapor deposition of nitride ARC on 
commercial solar cells were also discussed in Section 2.6.2. 
Besides efficient solar energy harnessing, a noteworthy application of Si anti-
reflective nanostructures was to minimize ghost image formation in micro sun 
sensors used in NASA’s Mars Rover. These sensors determined the location 
coordinates of the Rover with respect to the detected direction of sun. Ghost 
images formed due to multiple internal reflections of light, severely limited their 
accuracy. According to Lee et al., randomly distributed, quadrilateral, cross 
sectional stumps with concave tops are formed on Si substrate while performing 
reactive ion etching (RIE) on the latter and are called “polymer RIE grass”. These 
serve as a mask for performing deep reactive ion etching into the Si substrate to 
produce Si nanotips with unique cork-screw morphology (Figure 2.13(d)). The 
specular and hemispherical reflectance of a dense array of these nanotips formed 
on Si, measured ~ 0.09% and 8% respectively. This reflectance was nearly three 
orders of magnitude lower than that of plain Si substrates. 
2.7.2 Oxide-based ARC.  
ARC for glass substrates are of particular interest due to the widespread 





(SiO2) due to its low refractive index (refractive index, 1.5) and chemical 
compatibility, is a widely studied material for fabrication of ARC on glass. In the 
Sections 2.6.3 and 2.6.4, many examples have been given to demonstrate the 
varied fabrication of SiO2 ARC by etching or lithography techniques.  
Titanium dioxide (TiO2) on the other hand, has been studied for application in 
solar cells due to its matching refractive index (2.49 in anatase and 2.903 in rutile 
form).[49] However, TiO2 was eventually found to be ineffective at surface 
passivation, which was key to prolonging the career lifetime in solar cells for 
obtaining better efficiency.[127,128] In addition, Zine Oxide (ZnO) due to its 
outstanding ability of epitaxial growth along vertical (z) direction, has been used 
for fabrication of gradient refractive index nanorods, flower morphologies etc. on 
Si substrates by hydrothermal processing.[129-131] 
2.7.3 Polymer-based ARC.  
Many favorable properties of polymers allow their use in fabrication of porous as 
well as nanostructured ARC.[132] For example, Podsiadlo et al. demonstrated a 
simple, layer-by-layer deposition of cellulose nanowires to fabricate a highly 
porous matrix resembling a “flattened matchsticks pile”.[133] A 100 nm thick 
layer of these cellulose nanowires reduced the reflection of glass but only within a 
limited range of wavelengths. 
In this context, macro-phase separation of block-co-polymers presents a simpler 
pathways for fabricating porous polymer ARC. Polystyrene-block-poly(methyl 
methacrylate) (PS-b-PMMA), has been a common choice of material for this 





acid, leaving behind a porous network of PS.[134,135] Li et al. demonstrated this 
technique by pre-treating a glass substrate with octadecyltrichlorosilane that 
lowered its surface energy, causing the PS block to preferentially attach to the 
glass surface.[135] Removal of PMMA eventually produced a GRIN porous PS 
film with transmittance greater than 97%. However, an uneven transmittance 
profile was noticed for the porous polymer ARC fabricated on glass. 
 
Figure 2.15: (a) Cross-sectional and (b) top-view SEM images of nanoporous 
films comprising PS-b-PMMA, mixed in solvent. A selective dissolution of 
PMMA resulted in a graded distribution of PS domains in the vertical direction. 
(c) Picture of a polystyrene Petri dish coated on the left half with a bilayer porous 
polymer anti-reflective film.[60] (d) Picture of a glass slide with a selectively 
patterned nanoporous coating with region 1 showing plane glass and region 2 
showing the ARC. The anti-reflection region can be switched to normal glass by 
treating in a suitable solvent.[60] 
 
A notable switching between 90% and 99% transmittance was achieved by Hiller 
et al. by incorporating poly(allylamine hydrochloride)/poly(acrylic acid) 
(PAH/PAA) multilayer film on glass.[60] An aqueous processed film of the 





pH regulation. When immersed in an acidic solution followed by rinsing in water, 
a porous film exhibited anti-reflective property. A re-immersion into the acidic 
solution however, resulted in the collapse of the film into a non-porous state thus, 
showing no anti-reflective property. 
2.8 Durability of ARC 
ARC glasses are incorporated in many optoelectronic devices that are deployed in 
outdoor conditions. An important consideration in these applications is the 
durability of ARC under the in-use service conditions.[1,3] Research conducted 
by Druffel et al. on durability of thin-films showed that thin-films are susceptible 
to brittle fracture.[136] Brittle materials will inherently exhibit features such as 
microcracks, crazings and voids that serve as the origin of crack propagation. 
Additionally, humidity and differential expansion of film and substrate material 
during daily thermal cycles can lead to gradual peeling-off, or debonding of the 
ARC from substrates. 
An elaborate review by Schulz on vacuum deposition of ARC discussed about 
residual stresses developed in the ARC during the deposition.[11] They can be 
attributed to mechanical growth stress and thermal mismatch between the film 
and the substrate as the system is heated during film deposition and subsequently 
cooled to room temperature. Vacuum deposition of inorganic ARC on 
thermoplastic substrates, for instance, is particularly challenging as deposition 
temperature must be maintained below 120 °C. Secondly, thermal expansion 
coefficient of a polymer is typically one order of magnitude higher than that of the 





While sub-wavelength nanostructures offer broadband anti reflection properties, 
such structures directly etched into substrates, proved to be quite fragile. Similar 
structures fabricated using polymers were found to be mechanically weak and 
unable to resist scratch.[137] Deposition of dust over time could also deteriorate 
their optical performance and attempts to clean could leave scratches thus, 
permanently damaging the anti-reflective nanostructure arrays. Other 
environmental factors such as attached droplets on glass due to wet environment, 
rain or fogging can also significantly affect the optical properties of 
glass.[26,138,139] This is due to the scattering of light off these droplets, which 
further increases reflection losses of the glass substrates.  
Development of “semiconductor grade” coatings by companies such as Dow 
Corning, General Electric etc. over the past 40 years, has led to standard protocols 
for evaluating reliability of coatings.[140] Various test methodologies by 
American Society for Testing and Materials (ASTM) have been developed to 
perform accelerated durability measurements. These tests can investigate the 
environmental robustness, heat resistance and chemical stability of the ARC on 
substrates. Description of some of these tests, relevant in assessing the durability 
of ARC is given here. The hot water immersion test (ASTM D870-09) involves 
immersion of the coated samples in de-ionized (DI) water heated to 85 °C for 100 
h. A salt spray test (ASTM B117) involves exposing the coated sample to fog 
produced by atomization of 5% NaCl solution for 100 h. For the immersion acid 
test (ASTM D6943), the ARC samples are held inside a 100 mM H2SO4 solution 





by soaking the ARC sample in a 0.1 M aqueous NaOH solution at 60 ºC for 12 h.  
Besides, evaluation of scratch resistance of the ARC glass by pencil hardness 
scratch test based on the Wolff-Wilborn Test (ASTM D3359-02) gives an 
indication of the ARC survivability in human handling and outdoor use.  
Chapter 3 
Porous Nanostructured Magnesium Fluoride  
Anti-reflective Coatings 
3.1 Introduction 
Anti-reflective property can be imparted to a substrate by fabrication of a thin-
film of sub-wavelength thickness (λ/4) on the substrate. The refractive index of 
the thin-film must be matched to the geometric mean of the refractive indices of 
the substrate and the ambient medium.[3] The above preconditions enable 
destructive interference of reflected light rays at the interface, thereby minimizing 
Fresnel reflections. In glass nearly 8% of incident light is reflected at the air/glass 
interface. Based on the above condition, the ideal refractive index of anti-
reflective coatings (ARC) designed for glass can be calculated as, √𝑛𝑎𝑖𝑟 ∗ 𝑛𝑔𝑙𝑎𝑠𝑠 
~ 1.23. However, among the available materials, the lowest known refractive 
index is 1.38 for magnesium fluoride (MgF2). A nature-inspired strategy to 
minimize this disparity in refractive index is to make composites with the 
‘material’ and ‘air’, mixed in a definite proportion to result in a porous 
structure.[1] Nature is replete with porous structures for various optical functions 
such as porous micro-lenses arrays in Brittlestar, porous photonic crystals in 
Beetles etc.[141-144] 
The refractive index of a porous thin-film can be expressed in terms of its pore 









2 − 1) + 1]1/2 
where npc, ndc and P are the refractive index of the porous and dense media and 
the porosity percentage respectively. Thus, the refractive index, npc of a porous 
film can be tuned based on the porosity percentage or volume fraction of the 
material present in the film.  
Magnesium fluoride (MgF2), due to its lower refractive index (~1.38), is a good 
candidate for fabrication of ARC on glass. Porous MgF2 ARC have been 
fabricated by various techniques such as physical vapour deposition, ion beam 
sputtering, glancing angle deposition, atomic layer deposition, etc.[145-147] 
However, sol-gel processing presents a simple pathway for fabrication of ARC on 
large-area substrates at significantly lower cost. Reports on fabrication of 
mesoporous films of relatively high refractive index materials such as zinc oxide 
and tin oxide by a homogeneous sol-gel processing of the metal precursor and a 
miscible polymer have shown an excellent ordering of pore shape and 3D 
arrangement of the porous films.[148,149] Additionally, in the context of porous 
ARC, a uniform distribution of the pores in the ARC is crucial in obtaining 
consistent anti-reflective performance over the entire area of a substrate.[55,60]  
In this study, a homogenous sol-gel approach involving magnesium trifluroacetate 
precursor mixed with a miscible polymer has been employed for the fabrication of 
porous MgF2 ARC on large-area glass substrates. The homogenous polymer-
based sol-gel enabled the fabrication uniformly thick, porous MgF2 ARC on glass, 
resulting in a consistently high transmittance over the entire area of the substrate. 






manipulate the thickness of porous MgF2 ARC on either sides of the substrate. 
This resulted in achieving a relatively broadband anti-reflective property in the 
porous MgF2 ARC glass. 
3.2 Experimental 
3.2.1 Materials.  
Magnesium acetate tetrahydrate (Mw 214.45 g/mol) and trifluroacetic acid (Mw 
114.02 g/mol) were purchased from Sigma Aldrich and Merk Millipore 
respectively. Polyvinyl acetate, average Mw 100,000 (by Gel Permeation 
Chromatography (GPC)) was purchased from Aldrich. 2-propanol was purchased 
from Sigma Aldrich. All these chemicals were used as-received. The glass 
substrates used for fabrication of ARC were cleaned with the Piranha solution 
(3:7 by volume of 30% H2O2 and H2SO4. Piranha solution reacts violently with 
most organic materials thus, must be handled with caution! 
3.2.2 Sol-gel processing.  
The molar ratios of magnesium acetate tetrahydrate and trifluroacetic acid in all 
the sol-gel precursors was maintained at 1:1 (please refer to Appendix A for 
details on optimization of the sol-gel). To evaluate the role of the polymer, a 
precursor without polymer was prepared and termed MT11. Two polymer-based 
sol-gels MT11A and MT11B were prepared with different solvent concentration 
to vary the thickness of ARC on glass. Details of the precursors used in this report 
are stated in Table 3.1. The porous MgF2 ARC was prepared by spin-coating of 





Thermogravimetric analysis (TGA, TA Instruments Q500) was performed to 
determine the temperature of complete degradation of the organic constituents in 
the MgF2 precursor. These substrates were then sintered at 450°C for 120 minutes 
at the rate of 5 °C/minute.  
Table 3.1: Composition of precursors formulated for fabrication of porous MgF2 













MT11 9.97 9.92 194.68 0 
MT11A 9.97 9.92 194.68 0.012  
MT11B 9.97 9.92 259.57 0.012  
3.2.3 Characterization.  
The transmittance and reflectance were measured at 10 different locations on the 
glass, using a Shimadzu SolidSpec 3700 UV-vis-NIR Spectrometer. 
Thermogravimetric analysis (TGA, TA Instruments Q500) was performed to 
determine the optimum temperature for complete degradation of the organic 
constituents present the MgF2 sol-gel. The morphology and cross-section of the 
porous MgF2 ARC on glass was studied by a JEOL JSM-6700F field-emission 
scanning electron microscope (FE-SEM) operating at 5 kV. Bruker D8 General 
Area Detector Diffraction System (GADDS) X-ray diffraction (XRD) was also 
performed on the porous MgF2 ARC. The refractive index of the porous MgF2 
ARC was determined by using a variable angle spectroscopic ellipsometer (J. A. 
Woolam Co., Inc.). Determination of the optical constants of the thin-films was 
done by using the WVASE32 application by performing regressions on Effective 





measuring the roughness of the MgF2 ARC glass, a Digital Instruments 
Nanoscope IV atomic force microscope (AFM) was used. A 90° peel-off test was 
performed on the MgF2 ARC glass with the help of a 3M scotch tape (ASTM 
D3359) as described in Appendix E. [36] Durability tests were conducted on the 
MgF2 ARC glass substrates following the procedures described in Appendix F. 
3.3 Results and discussions 
3.3.1 Film morphology and characterization. 
A polymer directed sol-gel approach to fabricate porous thin-films, relies on 
complete thermal degradation of the polymer present in the thin-film during 
calcinations. To determine the optimum calcination temperature, thermo-
gravimetric analysis (TGA) was performed on the precursor MT11A. From 
Figure 3.1 it can be seen that 450 °C was the optimum temperature at which 
removal of the organic components and complete transformation to MgF2 phase 
was achieved which was also confirmed by XRD study. 
 
Figure 3.1: TGA analysis of the MgF2 precursor showing mass loss during 





An XRD performed on the porous MgF2 ARC is shown in Figure 3.2. This XRD 
pattern displayed a good agreement with the standard JCPDS 01-072-1150 data 
file (shown in red vertical lines in the figure), which is attributed to MgF2 
(Sellaite) and confirmed the polycrystalline nature of the MgF2 ARC. 
The SEM of the porous MgF2 ARC displayed in Figure 3.3(a) showed a uniform 
and large-area dispersion of the porous MgF2 ARC. At a higher magnification 
(Figure 3.3(b)) the MgF2 ARC was observed to be a porous film of MgF2 
nanoparticles. The uniformly porous morphology, as shown in Figure 3.3(b) was 
obtained by using a polymer-based precursor and was found to be in sharp 




Figure 3.2: X-ray diffraction pattern of porous MgF2 ARCS on glass substrate. 
The data is in agreement with standard JCPDS 01-072-1150 data file (marked in 







The formation of the porous morphology in case of MgF2 ARC can be attributed 
to the polymer PVAc present in the precursor which facilitates microscale phase 
separation between the inorganic and organic constituents during sol-gel 
processing and decomposition of the organic counterpart during calcination.[150-
152] 
 
Figure 3.3: SEM images of porous MgF2 ARC on a glass substrate. (a) 
Uniform and large-area coverage of porous MgF2 ARC on a glass substrate. (b) 
Higher magnification surface morphology of the porous MgF2 ARC on glass. (c) 
Cross-sectional SEM image of the porous MgF2 ARC (ARC-A) on glass of 
thickness ~ 200 nm (ARC glass A). (d) Cross-sectional SEM image of the porous 
MgF2 ARC (ARC-B) on glass of thickness ~ 150 nm (ARC glass B). (e) Surface 
morphology of the MgF2 thin-film formed using sol-gel precursor without 
polymer. The difference in morphology of the MgF2 thin-films formed with and 
without polymer in the sol-gel precursor can be seen in (b) and (e). Errors shown 
in the thickness of the porous film in (c) and (d) were calculated from 100 






The thickness of the porous MgF2 ARC was measured by cross-sectional SEM 
and was confirmed by ellipsometry measurements. Figure 3.3(a) and (b) show the 
cross-sectional SEM images of the two types of porous MgF2 ARC discussed in 
this chapter. The thickness of the porous MgF2 ARC – A and B was nearly 200 ± 
8 nm and 150 ± 5 nm respectively. The thicknesses in both the cases were 
evidently sub-wavelength (λ/4). 
The AFM image of an area measuring 2 µm × 2 µm on the MgF2 ARC glass 
substrate is shown in Figure 3.4. The porous film of MgF2 nanoparticles, seen in 




Figure 3.4: AFM image of the porous MgF2 ARC on a glass substrate showing a 






3.3.2 Optical characterization. 
Achieving a refractive index ideally suited for ARC on glass is the foremost step 
in optimizing a porous single-layer ARC. After analyzing the transmittance of the 
polymer-based precursors prepared for the fabrication of porous MgF2 ARC 
(please refer to Figure A1 in Appendix A), the precursor MT11A (described in 
Table 1) was selected for further study of refractive index. Ellipsometric 
measurements of the porous MgF2 ARC (Figure 3.5) fabricated by sol-gel 
processing of MT11A, confirmed a refractive index of 1.24-1.23, which is ideal 
for achieving anti-reflection in a single-layer sub-wavelength film.  
 
 
Figure 3.5: Refractive index graph of the porous MgF2 ARC showing a near ideal 






A nearly 200 nm thick (Figure 3.3(b)) porous MgF2 ARC, designated as ARC-A 
was fabricated on glass substrate and its transmittance was measured to be 98.8% 
as shown in Figure 3.6(a). This was nearly 7.6 percentage points higher than the 
maximum transmittance of the plane glass. In fact, it can be observed from Figure 
3.6(a) that a consistently higher transmittance was observed in ARC-A, than the 
plane glass for wavelengths from 1200 to 600 nm though, for λ < 600 nm, the 
transmittance of ARC-A gradually reduced. A measurement of the hemispherical 
reflectance (specular + diffused) of this ARC glass showed a minimum 
reflectance of ~ 0.1%. Moreover, the reflectance curves remained consistent 
(Figure 3.6(b)) over various points on the sample ARC-A whose dimensions were 
5.5 × 5.5 cm, as shown in Figure 3.6(d). This indicated uniformity in 
transmittance for the porous MgF2 ARC fabricated over a large area of the glass 
substrate.  
Further reduction in thickness of the porous MgF2 ARC was achieved by using 
the precursor MT11B (Table 1), which contained a higher proportion of the 
solvent 2-propanol, than the precursor MT11A. A porous MgF2 ARC, designated 
as ARC-B, with a sub-wavelength thickness of ~ 150 nm (Figure 3.3(c)) was 
fabricated and showed the highest increase in transmittance. The transmittance as 
shown in Figure 3.6(a), reached a maximum of 99.4% as compared to 92.1% of 
the plane glass. Moreover, it’s evident from Figure 3.6(a) that there was a 
detectable shift in the maximum transmittance for ARC-B to the 500-600 nm 
spectral range, as compared to ARC-A discussed in the previous paragraph (same 





reflectance curves of ARC-B shown in the Figure 3.6(b) exhibited a reflectance of 
~ 0.24% with consistency in reflectance profiles over a large-area of the ARC 
glass substrate.  
After optimizing the sol-gel to control the thickness of the ARC, we fabricated a 
porous MgF2 ARC glass that has different sub-wavelength thickness on either 
sides of the substrate. The idea was to achieve a relatively broadband anti-
reflective property. The sample ARC-C comprised porous MgF2 ARC of 
thickness ~ 200 nm on one side and 150 nm on the other side. As shown in Figure 
3.6(a), an intermediate transmittance with a relatively consistent difference from 
that of the plane glass was achieved for the sample ARC-C. The maximum 
transmittance of glass with ARC-C was 97.5%.  The transmittance values 
obtained from measurements performed at 10 different locations of each porous 
MgF2 ARC glass has been summarized in Table 3.2.  
Since the transmittance varies with wavelength, a spectrum-weighted average 
transmittance (WAT) of the ARC glass gives a better indication of its 
performance in devices utilizing solar radiation.  For the porous MgF2 ARC 
fabricated in this study, we calculated the same from the measured transmittance 
spectra. 









Where Φ(λk) is the air-mass 1.5 global (AM 1.5 G) standard spectrum provided 
by the American Society for Testing and Materials (ASTM) and T(λk) is the 






The WAT values of the porous MgF2 ARC glasses are shown in Figure 3.6(c). It 
can be seen that WAT of ARC-A was the highest, nearly 96.10% compared to 
90.05% of a plane glass substrate. Interestingly, the WAT of ARC-B, which 
showed an excellent transmittance in a relatively lower spectral range, was lower 
than that of ARC-A. The reason for the same is that the AM 1.5 solar spectrum 
has a relatively higher value in the spectral range where transmittance of ARC-A 
remained maximum thus, translating into a higher WAT. 
In fact, the marked reduction in reflection off the surface of the porous MgF2 
ARC glass is evident from the photographs shown in Figure 3.7. It can be seen 
that the reflection of the overhead illuminating source has considerably reduced in 
case of the porous MgF2 ARC glass as opposed to that in the plane glass, where 
reflection is quite intense. However, when measurement of transmittance of the 
porous MgF2 ARC glass at angles of incidence between 0º to 50º was performed, 
it was found that the maximum transmittance of the porous ARC glass started 
reducing after angles of incidence greater than 30-40°.  



















-- -- -- 91.90±0.13 
ARC - A MT11A 5000 90 98.81±0.02 
ARC - B MT11B 5000 30 99.38±0.04 
ARC - C MT11A (one side) 5000 90 97.64±0.11 










Figure 3.6: Optical characterization of the porous MgF2 ARC glass. (a) 
Transmittance graphs of porous MgF2 ARC glass A, B and C. Porous MgF2 ARC 
A and B have sub-wavelength thickness of ~ 200 nm and 150 nm on both sides 
respectively. C has a porous MgF2 ARC of thickness 200 nm on one side and 150 
nm on the other side. An intermediate but consistently higher transmittance is 
evident in case of ARC-C. (b) Reflectance graphs of the porous MgF2 ARC glass 
A and B with measurements performed at various points on the ARC glass. (c) 
Weighted Average Transmittance (WAT) of the porous MgF2 ARC glass A, B 
and C. (d) Porous MgF2 ARC glass measuring 5.5 × 5.5 cm. Reflectance 
measurements at two different locations on the large-area glass substrate showed 







3.3.3 Durability assessment 
Durability of ARC glass is a major determinant in their widespread commercial 
usage especially, in photovoltaics (PV).[140] For prolonged outdoor applications 
such as in PV, it is important that the ARC glass substrates pass a series of 
standard ASTM-based tests designed to evaluate the durability of ARCs. 
The 90-degrees peel-off test performed on the porous MgF2 thin-film on glass 
showed that the scotch tape started peeling-off at a load of 5 ± 0.1 N. After the 
peel-off of the tape, the MgF2 ARC was observed under the optical microscope 
and SEM (as shown in Figure A2 in Appendix A) and was observed to have no 
cracks in the film or delamination of the coating from the glass substrate. This 
indicated that the MgF2 thin-film adhered well to the glass substrate.  
 
 
Figure 3.7: Photograph of the 5.5 × 5.5 cm area porous MgF2 ARC glass 
compared to a plane glass substrate. The reflection of the overhead illuminating 
source can be seen to have markedly reduced in case of the porous MgF2 ARC 





However, when pencil hardness scratch tests were conducted on the porous MgF2 
thin-films, scratch impressions on the MgF2 thin-films could be detected even by 
naked eyes. Scratch resistance of ARC is an important property to ensure their 
durability during human handling or integration of the ARC glass into solar 
modules. Secondly, the porous MgF2 ARC glass showed detectable reduction in 
transmittance in almost all the ASTM based durability tests conducted on the 
ARC samples, as shown in Figure 3.8. Although, the porous MgF2 ARC glass 
showed very good optical transmittance, further improvement in durability of the 
ARC is clearly required to enable their application in real-time devices. 
 
Figure 3.8: Transmittance graphs of the porous MgF2 ARC glass subjected to 
ASTM based durability tests such as hot water immersion test, saline fog test, 
acid immersion tests and basic solution immersion tests. Detectable variation in 
the transmittance of the porous MgF2 ARC glass was observed after conducting 







3.3.4 Water repellence characterization 
Water contact angle of the porous MgF2 ARC glass measured ~ 42°. Hence, the 
porous MgF2 ARC glass did not show appreciable water repellence. 
3.4 Conclusion 
Fabrication of porous MgF2 ARC was demonstrated by polymer-based 
magnesium trifluroacetate sol-gel processing. The post-sintered, porous MgF2 
ARC exhibited a highly uniform coverage of porous MgF2 over a large-area glass 
substrate. The refractive index of the porous MgF2 ARC (~1.23-1.24) was 
conformal to the ideal refractive index for single-layer ARC for glass. Systematic 
optimization of the thickness of the porous MgF2 ARC led to achieving an 
excellent transmittance of 99.4% for glass as compared to 92.1% of the non-ARC 
counterpart. Moreover, variation of thickness on both sides of the glass substrate 






Note: The research work presented in Chapter 3 has been published in the journal 
Nanotechnology (Hemant Kumar Raut, S. S. Dinachali, K. A. Kwadwo, V. A. 
Ganesh, S. Ramakrishna, Nanotechnology, 2013, 24, 505201-505209) and certain 
portions have been reproduced with permission from the Institute of Physics 
Publishing, Ltd.   
Chapter 4 
Porous Nanostructured Silicon Dioxide  
Anti-reflective Coatings  
4.1 Introduction 
The durability of anti-reflective coatings (ARC) is a very important consideration 
in photovoltaic (PV) applications.[140] Being deployed outdoors, ARC on the 
cover glass of PV must be robust enough to withstand environmental factors such 
as moisture, salinity as well as human handling. In the previous chapter we 
observed that while it was possible to obtain a very low reflectance by imparting 
porous MgF2 ARC to glass substrates, the ARC showed some variation in anti-
reflection property after undergoing certain standard durability test. Thus, there is 
a need for developing porous nanostructured ARC comprising a material that 
combines better optical properties with mechanical and chemical robustness.  
Silicon dioxide (SiO2) is chemically well suited for glass and SiO2 coatings have 
been reported to be stress free, offer better adherence to glass and have high 
damage resistance to laser.[155,156] Although, SiO2 has a higher refractive index 
(n = 1.56) than MgF2, the strategy of incorporating porosity could lower the 
refractive index to achieve the desired anti-reflection property.[55] Porous films 
comprising various nano-particle morphologies of ZnO, TiO2, SnO2 etc. can be 
fabricated on a substrate by depositing nanofibres on its surface through a simple 
technique called electrospinning.[150,157,158] In fact, semi-automated 





substrates as large as 20 × 15 cm2 in size.[159] Basically, the electrospinning 
technique involves uni-axial elongation of a sol-gel under the effect of an 
electrostatic field to seamlessly produce fibres of diameters in the order of 
nanometres.[160,161]  
In this study, porous SiO2 ARC have been fabricated on glass substrates by the 
homogeneous polymer directed sol-gel approach (discussed in Chapter 3), 
comprising a miscible polymer and optimized amounts of SiO2 precursor. 
Nanofibres comprising the SiO2 sol-gel were deposited on large-area glass 
substrates by the electrospinning technique. The electrospun nanofibres-film upon 
calcination transformed into porous SiO2 ARC on glass. 
4.2. Experimental 
4.2.1 Materials.  
Preparation of the sol-gel involved mixing 1.2 g of polyvinyl acetate (PVAc, Mw 
= 500000, Sigma Aldrich, USA) with 10 mL of N,N-Dimethyl acetamide (DMAc, 
99.8%, GC grade, Aldrich, Germany) under constant stirring. This was followed 
by the addition of 2 mL of glacial acetic acid (99.7%, LABSCAN Analytical 
Sciences, Thailand) and 1 mL of the SiO2 precursor, tetraethylorthosilicate 
(TEOS, 99% GC grade, Sigma-Aldrich, Germany). To optimize the proportion of 
the SiO2 precursor in the sol-gel, different solutions containing 1 mL TEOS, 1.5 
mL TEOS and 2 mL TEOS respectively were prepared. The solutions were then 
set for continuous stirring for 12 – 24 h until they attained homogeneity and 
sufficient viscosity. Glass of dimension 20  20  3 cm3, specifically 





anti-reflective property. All glass samples were thoroughly cleaned using a 
Piranha solution (3:7 by volume of 30% H2O2 and H2SO4. Caution: Piranha 
solution reacts violently with most organic materials and must be handled with 
caution. 
4.2.2 Sol-gel processing.  
Electrospinning was (Figure 4.1(a)) performed in an automated commercial 
electrospinning apparatus called NANON (MECC, Japan). The substrate was 
placed on the plate collector at a distance of 10 cm, underneath the translating 
needle tip (syringe diameter = 14.4 mm) dispensing the SiO2 sol-gel jet as shown 
in Figure 4.1(b). The optimized machine parameters for fabricating the porous 
ARC on glass were: voltage = 30 kV, flow rate = 0.2 mL/h, rpm = 0 and spinneret 
width = 140 mm. The relative humidity inside the electrospinning chamber was 
between 50 to 60% at an ambient temperature of 22°C. The area covered in a film 
of nanofibres can be seen on the glass as shown in Figure 4.1(c). The electrospun 
nanofibres covered glass was then thermally treated at 600°C for 2 h, in order to 
completely remove the organic ingredients present in the thin-film.   
4.2.4 Characterization.  
The transmittance measurements were performed using a UV-Vis-NIR 
Spectrometer (PERKIN–ELMER Lambda 19) at 10 different locations on the 
ARC glass. The transmittance over varying angles of incidence was performed 
using a custom-built rotating sample holder. Thermogravimetric analysis (TGA, 
TA Instruments Q500) was performed to determine the temperature of complete 





of the SiO2 films on glass was studied by a JEOL JSM-6700F field-emission 
scanning electron microscope (FE-SEM) operating at 5 kV, respectively. The film 
thickness was measured from the cross-sectional SEM images of the porous SiO2 
ARC glass and was confirmed with surface profilometer measurements of the 
ARC glass. The same machine was used to obtain the energy dispersive X-ray 
spectroscopy (EDS) of the porous SiO2 ARC after calcination. Bruker D8 General 
Area Detector Diffraction System (GADDS) X-ray diffraction (XRD) was also 
performed on the porous SiO2 ARC. The three dimensional film profile and 
roughness of the porous SiO2 ARC glass was studied using an atomic force 
microscopy (AFM), Nanoscope Dimension 3100 (VEECO). 
 
Figure 4.1: Fabrication of the porous SiO2 ARC on glass. (a) A conventional 
electrospinning setup. (b) Automated electrospinning performed in NANON to 
fabricate porous SiO2 ARC on 20  20 cm glass substrate. (d) Solar module glass 
with electrospun SiO2 nanofibres before calcination. (e) Solar module fabricated 





The refractive index of the porous SiO2 ARC was determined by using a variable 
angle spectroscopic ellipsometer (J. A. Woolam Co., Inc.). Determination of the 
optical constants of the thin-films were done by using the WVASE32 application 
by performing regressions on effective medium model comprising bulk material 
(SiO2) and void (porosity). A 90°-peel-off test was performed on the porous SiO2 
ARC glass with the help of a 3M scotch tape (detail procedure of the test is 
described in Appendix E).[162] Hardness and modulus values of the porous SiO2 
ARC were measured by a nanoindentation set-up (Agilent Nanoindenter, G200 
equipped with a Berkovich tip). Durability tests were conducted on the SiO2 ARC 
glass substrates based on the procedures described in Appendix F. 
4.3 Results and discussions 
4.3.1 Film morphology and characterization 
A polymer directed sol-gel approach to fabricate porous thin-films, relies on 
complete thermal degradation of the polymer present in the thin-film during 
calcination. TGA of the SiO2 sol-gel (Figure 4.2) showed that a thermal treatment 
of the same at 600 °C exhibited no further mass loss after 120 minutes, indicating 
complete evaporation of organic ingredients in the sol-gel. The EDS of the porous 
SiO2 thin-film formed after calcination, as shown in Figure 4.3(a) also confirmed 
the absence of any organic constituents in the SiO2 thin-film. The XRD pattern of 
the porous SiO2 thin-film (Figure 4.3(b)) showed that the SiO2 was not in 
crystalline phase. Figure 4.4(a) showed the SEM images of the electrospun SiO2 
fibres before calcination (inset in Figure 4.4(a)) and the SiO2 nanostructures 





after calcination, comprised a dense array of SiO2 nanoparticles. The formation of 
nanoparticles can be attributed to the role played by the polymer PVAc in 
producing SiO2 nanoparticles by breakage of the continuous fibres during heat 
treatment. Thermal annealing facilitates microscale phase separation between 
SiO2 and PVAc during the solvent evaporation stage resulting in nanopartcile 
morphology, which is observed in previous reports describing the transformation 
of nanofibres into nanoparticles of different shapes.[150-152] 
 
Figure 4.2: Thermogravimetric analysis of the SiO2 sol-gel showing mass loss 




Figure 4.3: (a) Energy dispersive X-ray spectroscopy of the porous SiO2 ARC 









Figure 4.4: (a) SEM image of the porous SiO2 ARC on glass substrate, after 
calcinations, showing randomly packed SiO2 nanoparticles. The inset in (a) shows 
the electrospun nanofibres deposited on a glass substrate before calcination. (b) 







The AFM of the porous SiO2 ARC is shown in the Figure 4.5 and the RMS 
roughness was found to be ~13 nm. To study the hardness and the modulus of the 
porous SiO2 ARC, measurements were carried out at 5 different places of the 
ARC glass using a nanoindenter equipped with a Berkovich tip. The results 
showed that the ARC had an average hardness of 1.6 ± 0.13 GPa and a Young's 
modulus of 24.7 ± 0.19 GPa. The coating thickness measured by cross-sectional 
SEM, as shown in Figure 4.4(d), and confirmed by surface profilometer 
measurements, was found to be 150 ± 20 nm. 
 
 






4.3.2 Optical characterization. 
Duration of electrospinning is a crucial factor in achieving a film on glass which 
upon calcination transforms into a sub-wavelength porous SiO2 ARC on glass. 
Electrospinning for 30 minutes was found to be the optimum duration for 
depositing nanofibres on a glass substrate by the translating automated 
electrospinning set-up described in Section 4.2.2. Post-calcination SiO2 films on 
glass, which were electrospun for duration ranging from 15 minutes to 30 
minutes, showed an increase in transmittance from 92.6% to 93.8% and then 
dropped to 91.9% for 45 minutes coated glass (please refer to Appendix B). 
Secondly, the cross sectional SEM of a 30 minutes electrospun SiO2 ARC sample, 
as shown in Figure 4.4(d) measured a thickness of ~150 nm, which fulfils the sub-
wavelength (λ/4) criterion for achieving anti-reflection property.  
The proportion of the SiO2 precursor, TEOS in the sol-gel mixture was also found 
to affect the optical properties of the SiO2 thin-film. It was observed that a coating 
with TEOS concentration of 2 mL (12 wt.%) showed a higher transmittance of 
~94.5% in comparison to the transmittance of the plane glass which was 91.3%. 
After selecting the optimum SiO2 sol-gel and electrospinning device parameters, 
the electrospun nanofibres comprising the former were deposited on both sides of 
the glass substrate. After calcinations, the transmittance curves of porous SiO2 
ARC (both-sides ARC) and non-ARC glass were compared as shown in Figure 
4.6. The maximum transmittance of the porous SiO2 ARC glass (both-sides ARC) 
was ~97%, which was 5.7 percentage-points higher than the maximum 





ARC glass can be correlated to their hemispherical (specular + diffused) 
reflectance measurements. The minimum reflectance of the porous SiO2 ARC 
glass (both-sides ARC) was ~2.8% while the reflectance of a non-AR plane glass 
was 8.3%. The refractive index of the porous SiO2 thin-film was found to be 
~1.27 (at 600 nm) as shown in Figure 4.7. When the porous SiO2 ARC was 
fabricated on one-side of the glass, reflectance measured was nearly 5.4%. A 
comparison of the transmittance of both the one-sided porous SiO2 ARC and 
both-sided ARC glass is given in Table 4.1. 
A measure of the proportion of sunlight coupled to a solar module can be 










Where 𝛷(𝜆k) is the air-mass 1.5 global (AM 1.5 G) standard spectrum provided 
by the American Society for Testing and Materials (ASTM) and 𝑇(𝜆k) is the 
transmittance at each wavelength.[153,154]  
The calculated WAT of the porous SiO2 ARC glass (both-sides ARC) was 95.0% 
while the WAT of the non-ARC substrate was 90.8%. Omnidirectional anti-
reflection is also an important characteristic of ARC glass. When measurement of 
transmittance of the porous SiO2 ARC glass at angles of incidence between 0º to 
50º was performed, it was found that the maximum transmittance of the ARC 







Figure 4.6: (a) Transmittance graph of porous SiO2 ARC glass coated on both 
sides of glass versus plane glass without ARC. (b) Hemispherical reflectance (%) 







Table 4.1: Transmittance of the porous silicon dioxide (SiO2) ARC glass 
fabricated by the electrospinning technique. 
Type of Glass Transmittance (%) 
One-side Porous SiO2 ARC glass  94.2±0.3 
Both-side Porous SiO2 ARC glass  96.2±0.7 














Most notably, the electrospinning technique enabled fabrication of the porous 
SiO2 ARC on glass substrates of much larger size (20 × 20 cm
2) than those 
fabricated in Chapter 3. The Figure 4.1(e) shows a solar module encapsulated 
using the electrospun porous SiO2 ARC glass. 
4.3.3 Durability assessment 
Durability of anti-reflective glass is a major determinant in their use in 
photovoltaics. It is widely acknowledged that immersion in fresh water at elevated 
temperatures is a major test to determine resistance of coatings against blistering 
and peeling.[163,164] For prolonged outdoor applications in PVs, it’s also 
essential to ascertain the impact of exposure of the coatings to acidic and saline 
conditions. Knowledge of the resistance of a coating to these adverse testing 
conditions is an important indicator of its service life. Thus, a series of 
experiments based on American Society for Testing and Materials (ASTM) 
standard tests were performed to judge the durability of the porous SiO2 ARC 
glass and the results are shown in Figure 4.8. 
There was minor variation in the transmittance of the porous SiO2 ARC glass 
after 100 h of immersion in water at an elevated temperature of 85 °C. Similar 
variations in transmittance was also observed after the porous SiO2 ARC glass 
was exposed to fog produced by atomization of 5% NaCl aqueous solution at a 
temperature of 35 °C for 100 h. Moreover, no detectable change in transmittance 
was observed after 100 h immersion in an aqueous H2SO4 solution. However, 
dipping the porous porous SiO2 ARC glass in an aqueous 0.1 M NaOH solution 





the porous SiO2 ARC showed good mechanical properties as measured in Section 
4.2.1, a 90-degree peel-off test was performed on the porous SiO2 ARC. It was 
observed that the scotch tape started peeling-off at a load of 5 ± 0.1 N. After the 
peel-off of the tape the porous SiO2 ARC glass was observed under optical 
microscope and SEM and was found to have no cracks in the coating or 
delamination of the coating from glass substrates (as shown in Figure B3 in 
Appendix B). This indicated that the SiO2 ARC adhered well to the glass 
substrate. However, when a pencil hardness scratch test (ASTM D3359-02) was 
performed on the porous SiO2 ARC, it was found that a pencil of hardness H left a 
noticeable impression on the porous SiO2 ARC glass. 
 
Figure 4.8: Transmittance graphs of the porous SiO2 ARC glass subjected to 
ASTM based durability tests such as hot water immersion test, saline fog test, 





3.3.3 Water repellence characterization 
Silica coatings have a superhydrophillic property which was also observed for the 
porous SiO2 ARC on glass.[165,166] 
4.4 Conclusion 
The present study demonstrated the fabrication of porous SiO2 ARC on large-area 
glass substrates, by depositing SiO2 sol-gel nanofibres on glass substrates by 
electrospinning. After calcination the porous SiO2 ARC exhibited a sub-
wavelength film comprising randomly packed SiO2 nanoparticles. The 
transmittance of glass substrates with porous SiO2 ARC on both-sides of the 
glass, increased to ~97% in comparison to the ~91.3% transmittance of the plane 
glass substrate. This enhancement in transmittance was observed to be relatively 
broadband than that of the porous MgF2 ARC on glass, studied in Chapter 3. 
However, measurements of transmittance of the porous SiO2 ARC glass over 
different angles of incidence, showed higher transmittance than that of plane glass 
up to incident angles ≤ 40°. The adherence of the SiO2 ARC to the glass substrate 
was found to be satisfactory under standard peel-off tests. The porous SiO2 ARC 
glass showed only small variation in transmittance after completion of the ASTM 
based durability tests, except the aqueous base immersion tests that affected the 
transmittance of the porous SiO2 ARC glass. 
The porous nanostructured ARCs studied both in Chapter 3 and Chapter 4, 
showed good anti-reflection properties only up to a limited range of angles of 
incidence (~40°). The porous morphology of the thin-film perhaps also affected 





did not exhibit any water repellence characteristics, which is of significance in 
real-time applications of the ARC glass. Thus, there is a need to fabricate ARC 
for glass that can impart both broadband and omnidirectional anti-reflection as 
well as robustness to the ARC. Additionally, water repellence characteristics of 
the ARC glass could help retain superior optical properties of the latter even in 













Note: The research work presented in Chapter 4 has been published in Solar 
Energy Materials and Solar Cells (Hemant Kumar Raut, A. S. Nair, S. S. 
Dinachali, V. A. Ganesh, T. M. Walsh, S. Ramakrishna, Solar Energy Materials 
and Solar Cells, 2013, 111, 9-15.) and certain portions have been reproduced with 
permission from Elsevier, Ltd. 
Chapter 5 
Moth’s Eye Inspired Nanostructure Patterns for 
Broadband and Omnidirectional Anti-reflective Coatings 
5.1 Introduction 
Broadband and omnidirectional elimination of Fresnel reflections is of immense 
significance in photovoltaics (PV) as well as in many optoelectronic devices.[1,3] 
The porous nanostructured anti-reflective coatings (ARC) glass studied in 
Chapter 3 and Chapter 4, exhibited anti-reflection property only up to angles of 
incidence ~40°. However, theoretical works by Lord Rayleigh has shown that a 
medium of gradient refractive index (GRIN), of an optimal thickness, is capable 
of suppressing reflection not only over a broader spectral range but also over 
wider angles of incidence.[28] A traditional route to achieving GRIN ARC 
involves deposition of multiple layers of materials of successively reducing 
refractive index.[54,167,168] However, multi-layer coatings often deteriorate 
over time because of debonding caused by thermal mismatch and poor interfacial 
adhesion.[11-140] 
A profoundly superior and alternative strategy to overcome these challenges can 
be found in the eyes of nocturnal moths. Moth’s eyes are covered with an elegant 
pattern of nanostructure protuberances, measuring ~ 200 nm in diameter and 
height.[23,24,66] Hexagonal close-packed arrangement of these nanostructures 
allow incident light to interact with them fully rather than resolving them 





effective gradient in refractive index which reduces the reflectance of light with 
wavelength larger than the spacing period.[71] This enhances the light sensitivity 
of the moth’s eyes and presumably, make their large eyes appear dull thereby 
guarding against their vulnerability for predation.[67,169] Further research has 
also shown that the moth’s eye nanostructures not only help maximize photon 
collection over a broad spectrum but also over wider angles of 
incidence.[35,74,75] Moth’s eye nanostructures being monolithic and comprising 
a single material are also naturally, more robust than multi-layer ARC.   
Scientific studies involving successful replication of moth’s eye nanostructures on 
glass, photo anodes and silicon by fabrication techniques such as etching, self-
assembly and interference lithography etc. bear testimony to the growing interest 
in this research domain.[35,71,81-85] However, large-area, defect-free fabrication 
of these anti-reflective nanostructure patterns using a simple technique with high 
throughput capabilities is essential for practical industrial applications. One such 
promising technique is Nanoimprint Lithography (NIL). NIL basically involves 
transferring surface reliefs from a template to a thin film on a substrate by 
embossing onto the thin film.[114-117] In comparison to optical lithography, NIL 
is simple, economical and offers extremely good resolution with relatively faster 
replication.[115] This technique also has immense potential for large-scale 
production of moth’s eye nanostructures on glass at a comparatively faster rate 
than other techniques. 
Moth’s eye nanostructure based ARC for glass substrates have been commonly 





transmittance, polyvinyl chloride (PVC) imprinted moth’s eye nanostructure with 
96% transmittance, PMMA imprinted glass with 96% transmittance are some of 
the relevant examples.[84,123,124] However, incompatible mechanical and 
thermal properties of polymer-based ARC and their durability pose major 
operational challenges for outdoor application. The porous nanostructured ARC 
glass studied in Chapter 3 and Chapter 4, also showed certain variation in anti-
reflection properties and film-morphology when durability tests were conducted. 
This presents an opportunity to develop a durable, chemically and thermally 
stable high-performance ARC on glass.  
Polyhedral oligomeric silsesquioxane-based (POSS) is a hybrid polymer that 
embodies a hybrid cage structure with inner framework comprising silicon and 
oxygen. Adding pendant groups, such as acrylate and methacrylate, to make the 
molecule polymerizable in the presence of a cross-linker and an initiator, can 
modify its external architecture. Cross-linking facilitates covalent bond formation 
between the POSS monomer units thus avoiding any macrophase separation by 
possible agglomeration of the POSS units.[170] The inclusion of POSS in the 
cross-linked resist dramatically enhances its properties resulting in oxidation 
resistance, surface hardening, flammability reduction and mechanically improved 
hybrids.[170-173] Optical absorption of POSS has been shown to be less than 
most conventional polymers.[174] The mechanical strength and stability of POSS 
has been exploited in applications ranging from dental nanocomposites, ceramic 
binders and protective coatings on semiconductors.[173,175] Durability of the 





been declared space-survivable.[176] Atomic oxygen and exposure to UV 
radiation has detrimental effect on even the best organic polymers such as Kapton 
and Teflon but research has shown excellent durability of POSS in these 
circumstances.[177] Its current use as dental adhesive indicates an excellent 
adherence to a substrate.[175] 
In this study, fabrication of a highly durable and mechanically superior ARC has 
been demonstrated by double-side nanoimprint lithography. An optimized resist 
has been prepared based on a mixture of methacryl POSS and1,6-hexanediol 
diacrylate that is capable of undergoing in situ co-polymerization during NIL. The 
moth’s eye anti-reflective nanostructure patterns have been fabricated on large-
area substrates. Additionally, numerical simulation of the POSS-based moth’s eye 
nanostructures have been performed using finite-domain-time-difference (FDTD) 
to provide an understanding of the superior anti-reflective characteristic obtained 
from the moth’s eye nanostructures fabricated using POSS.[178,179] 
5.2 Experimental 
5.2.1 Materials.  
Methacryl POSS® cage mixture (FW=1433.97 g/mol) was purchased from Hybrid 
Plastics, Inc. They were used as-received. The initiator, benzoyl peroxide was 
purchased from Lancaster Synthesis and was used without further purification. 
Cross-linkers used to bind the methacryl POSS monomers were ethylene glycol 
dimethacrylate (Aldrich), 1,4-butanediol diacylate (Aldrich) and 1,6-hexanediol 
diacrylate (Alfa Aesar). 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecaflurodecyl 





as-received except ethylene glycol dimethacrylate which was purified using an 
alumina column. 
5.2.2 Methacryl POSS resist formulation and characterization.  
Methacryl POSS (MPOSS) was mixed with three different cross-linkers, namely, 
ethylene glycol dimethacrylate (EDMA), 1,4-butanediol diacylate (BDA) and 1,6-
hexanediol diacrylate (HDA) in different molar ratios. Benzoyl peroxide (2 wt.%) 
was added as a thermal initiator. To facilitate easier demolding by decreasing the 
surface energy of the imprint, 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecaflurodecyl methacrylate was added in an optimum proportion of 4 wt.% 
to the resist. The components and their associated functions of this resist 
formulation are shown in Table 5.1. Differential scanning calorimetry (DSC, TA 
Instruments Q100) was performed to determine the polymerization exotherm peak 
of the POSS resist.  
5.2.3 Nanoimprint Lithography.  
A nickel mold (3 cm × 2.5 cm) containing moth’s eye nanostructure patterns, was 
used to perform the imprinting. Both the mold and glass substrate were cleaned 
thoroughly by treating with oxygen plasma. A 1H,1H,2H,2H-
perfluorodecyltrichlorosilane-based self-assembled monolayer (SAM) coating 
was carried out on the Ni mold to decrease its surface energy. This prevented 
sticking of the resist to the mold during imprinting leading to easier demolding of 
the mold. An Obducat Imprinter (Obducat, Sweden) was used to perform the 
imprinting. An optimum imprinting recipe was determined by a systematic study 





on glass was carried out by patterning the resist on one side followed by 
imprinting on the other. A thick polycarbonate sheet was used to provide cushion 
to the first imprinted layer during the second imprinting.  
Table 5.1: POSS-based resist formulation and description of its components. 
Name of the compound Weight % Function 













prevents sticking of 
resist to the mold by 
reducing its surface 
energy 
benzoyl peroxide 2 
Thermal initiator; 
generates free radicals 
upon heating 
 
5.2.4 Characterization.  
The transmittance and reflectance were measured using a Shimadzu SolidSpec 
3700 UV-vis-NIR Spectrometer at 10 different locations on the glass sample. The 
transmittance measurements over varying angles of incidence were performed 
using a custom-built rotating sample stage. The morphology and cross-section of 
the ARC on glass was studied by a JEOL JSM-6700F field-emission scanning 





hardness and modulus of the resist films on glass substrate, an Agilent 
Nanoindenter G200 equipped with Berkovich tip was used. The refractive index 
of the POSS-based cross-linked thin film was determined by using a variable 
angle spectroscopic ellipsometer (J. A. Woolam Co., Inc.). Determination of the 
optical constants of the thin-films was done by using the WV ASE32 application 
by performing regressions on a dispersion model that used the Cauchy Law. 
Three different ASTM-based durability tests were carried out to investigate 
environmental robustness, heat resistance and chemical stability of the moth’s eye 
ARC. The hot water immersion test involved immersion of the anti-reflective 
glass samples in de-ionized (DI) water heated to 85 °C for 100 h. A salt spray test 
was performed on the anti-reflective glass samples by exposing the latter to fog 
produced by atomization of 5% NaCl solution for 100 h. For the immersion acid 
test, the anti-reflective glass samples were held inside a 100 mM H2SO4 solution 
at a temperature of 35 °C for 100 h. Similarly, a base immersion test was also 
performed by soaking the anti-reflective glass in a 0.1 M aqueous NaOH solution 
at 60 ºC for 12 h.[180] For evaluating the scratch resistance of the POSS-based 
thin films, pencil hardness scratch test was conducted using a standard scratch 
hardness tester (Erichsen, Model 291) which enables the test to be complaint with 
the Wolff-Wilborn Test (ASTM D3359-02). It ensures that the specified force and 
angle remain constant throughout the test. Pencils of various grades of hardness 
(1H-6H) were moved over the coating surface at an angle of 45° to the horizontal 





damaged/scratched the coating off from the surface is taken as a measurement of 
scratch hardness (e.g., “2H” hardness).  
The water contact angle (WCA) measurements were performed using a contact 
angle measurement setup (VCA optima contact angle equipment from AST 
Products, Inc.) in static sessile drop mode at room temperature. The contact angle 
values reported were averaged over at least ﬁve measurements performed over 
different areas of the sample. 
5.2.5 FDTD simulations.  
Theoretical transmittance and reflectance for the POSS-based moth’s eye 
nanostructure array on glass substrate were determined by commercial finite-
difference-time-domain (FDTD) Solutions 8.0 (Lumerical Solutions, Inc.). The 
3D modeling of the moth’s eye nanostructures were based on their hexagonal 
packing geometry and dimensions calculated from the SEM images of 
nanostructures imprinted on a glass substrate. Single- and double-side imprinted 
ARC glass was thus modeled. The dielectric constant for the modeled moth’s eye 
nanostructure was based on the (n, k) data derived from the ellipsometric 
measurements of thin film of MPOSS-HDA resist. A fine mesh, with uniform grid 
size of 5 nm was used for the moth’s eye anti-reflective region. Periodic boundary 
conditions were set for the x and y directions and perfectly matched layer (PML) 
boundary conditions were set for the z direction. A plane-wave source was 
directed along the z-axis to calculate the transmittance and reflectance of the 






5.3. Results and discussion 
5.3.1 Structural characterization 
In order to fabricate robust moth’s eye nanostructure patterns on a glass substrate 
by thermal NIL, the first step is to determine an optimum composition of NIL 
resist whose film shows a transmittance higher than or equal to that of glass and 
exhibits better mechanical strength. Various resist compositions were formulated 
by mixing MPOSS with cross-linkers EDMA, BDA and HDA in molar ratios of 
1:8, 1:10 and 1:12. These resists were spin-coated on glass and cured at 130 °C 
for 25 min to form thin-films. Transmittance measurement showed that a molar 
ratio of 1:12 for all the MPOSS-cross-linker combinations gave the highest 
marginal rise in transmittance. Out of these, MPOSS-HDA resist formulation, in 
1:12 molar ratio showed the highest increase in transmittance to 92.5% (please 
refer to Appendix C for details).  
MPOSS-HDA resist in 1:12 molar ratio was chosen for further study of 
mechanical properties.  The hardness and modulus of elasticity of the thin-films 
of all the MPOSS-cross-linker resist formulations with a molar ratio 1:12 were 
analyzed and are summarized in Figure 5.1. It is evident that MPOSS-HDA resist 
exhibits the highest hardness as well as modulus of elasticity. The elastic modulus 
of the MPOSS-HDA thin-film of 2.6 ± 0.1 GPa is higher than the reported 
average elastic modulus of polycarbonate (2.3 GPa), polystyrene (2.3 GPa), 
polyethylene terephthalate (2.0 GPa) that have been used for fabrication of moth’s 






Figure 5.1: (a) Hardness and (b) average elastic modulus of MPOSS containing 
cross-linkers (EDMA, BDA and HDA) in a molar ratio of 1:12. 
 
Figure 5.2: DSC measurements of the MPOSS-HDA resist (molar ratio 1:12). 
While keeping the pressure constant, the temperature was gradually increased to 
130 °C and held there for 1300 s to initiate in situ free-radical co-polymerization 
in the resist. This resulted in hardening of the resist and reduction of its surface 
energy. After imprinting, the temperature of the chamber was lowered to room 






After selecting the optimum resist, the next step was to determine the minimum 
temperature for its effective curing which would serve as a guide for thermal NIL. 
DSC experiment was performed to determine the polymerization exotherm of the 
MPOSS-HDA resist (molar ratio 1:12). It was found to be ~ 90 °C (Figure 5.2). 
The actual imprinting temperature was selected as 130 °C in order to increase the 
rate of polymerization thereby decreasing the NIL process duration.  
A schematic of the steps involved in fabrication of the POSS-based nanostructure 
ARC by thermal NIL is shown in Figure 5.3. Imprinting of the MPOSS-HDA 
resist involved a two-step process. First, the mold and the substrate with the resist 
were pressed together at room temperature (30 °C) for 600 s at a pressure of 30 
bar. This was to ensure complete filling of the mold with the resist which is 
integral to obtaining a uniform morphology. After demolding of the anti-reflective 
mold, the single-side imprinted glass was reversed and the imprinting of the 
moth’s eye nanostructure was repeated to obtain ARC on both sides of the glass 
substrate. The second imprint was performed with a cushion of polycarbonate 
film underneath the imprinted glass to prevent damage to the nanostructures under 
pressure. 
The surface morphology of the moth’s eye ARC on both sides of the glass was 
studied using AFM (Figure 5.4) and FE-SEM (Figure 5.5). The imprinted area 
appeared to be uniform and defect free. Figure 5.5 also shows the cross-section of 
the imprinted feature. The height of the moth’s eye nanostructure measured nearly 
220 nm which is sub-wavelength and conforms to the prescribed dimensions of 





height of the residual layer after imprinting was measured to be nearly 210 nm. 






Figure 5.3: Schematic of the steps involved in fabrication of the moth’s eye anti-
reflective nanostructures by NIL. A Ni mold containing moth’s eye nanostructure 
was placed on the resist thin-film spin-coated on glass. The mold and substrate 
was held at a pressure of 30 bar for 600 s at 30 °C followed by gradual increase in 
temperature to 130 °C for 1300 s. Subsequent demolding of the mold from the 
substrate produced a uniform moth’s eye nanostructure on the glass substrate. The 
substrate was then reversed and the imprinting was repeated on the other side of 
the glass substrate following the same pressure-temperature settings. This 






We surmise that this could be due to the sub-wavelength thin film of cured 
MPOSS-HDA resist with a refractive index of 1.46 (at 620 nm), which is lower 
than that of glass (1.5) (Figure 5.6). This was confirmed by fabricating resist films 
of various thicknesses and measuring their respective transmittances – which 
showed no change with film thickness (please refer to Figure C1 in Appendix C). 
More importantly, the residual layer provides mechanical stability to the sub-
wavelength moth’s eye nanostructures. 
 
Figure 5.4: AFM images of MPOSS moth’s eye anti-reflective nanostructures 











Figure 5.5: SEM images of MPOSS moth’s eye anti-reflective nanostructures 
imprinted on both sides of the glass with a near 100% yield as evident in the 
optical photograph of the ARC glass. A slight bluish-green hue comes from the 
patterned area when held at an oblique angle. The top SEM image shows the 
moth’s eye nanostructures on the front side of the glass substrate. The SEM image 
at the bottom was acquired from the back side of the substrate inclined at an angle 
of 30°. The insets in the SEM images show the nanostructures at a higher 
magnification. The cross-section SEM image in the middle shows the moth’s eye 







5.3.2 Optical characterization. 
The refractive index of the thin-film formed after complete curing of the MPOSS-
HDA resist, is shown in Figure 5.6. The refractive index measures ~ 1.46 (at 620 
nm). 
Figure 5.7(a) shows the comparison of transmittance of the ARC fabricated on 
single-side and double-side of the glass, and of the plane glass. It is evident that 
the transmittance of the plane glass increased from 91.8% to nearly 98.2%, a 6.4 
percentage point increase due to ARC on both sides of the glass. In the case of 
single-side ARC glass, the increase in transmittance was 3.4 percentage points, 
with a maximum transmittance of nearly 95.2%.  
 
 









Figure 5.7: (a) Transmittance and (b) hemispherical reflectance of POSS-based 
moth’s eye anti-reflective glass (single and double-side) versus transmittance of 
plane glass. A broadband enhancement in transmittance and a corresponding 
reduction in reflectance can be observed between the double and the single-side 





The transmittance study was supplemented with a hemispherical reflectance 
measurement as shown in Figure 5.7 (b). Here the double-side ARC glass showed 
a minimum reflectance of 1.26% as compared to 8.2% in case of plane glass. On 
the other hand, the single-side ARC glass showed an intermediate value close to 
4.9% (Summary in Table 5.2). The experimentally measured transmittance and 
reflectance for both the single- and double-side ARC glass were found to be in 
good agreement with that of the numerically simulated results for moth’s eye 
nanostructure patterns on glass (Figure 5.8). 
The broadband anti-reflective nature of double-side ARC glass can also be seen in 
Figure 5.7. A 6% point higher transmittance from that of the plane glass was 
consistently observed between 380 nm to 700 nm. The air-mass (AM) 1.5 global 
standard spectrum attains a maximum in this range and maintains a relatively 
higher value there as well. Thus the POSS-based nanostructure ARC glass will be 
potentially highly useful in photovoltaic applications. 
The comparison of weighted average transmittance over a spectral range of 300-
1200 nm is a conclusive way of analyzing the broadband anti-reflective property 
of double-side ARC glass with respect to the plane glass. We calculated the 









Where 𝛷(𝜆k) is the air mass 1.5 global air-mass (AM 1.5 G) standard spectrum 
provided by the American Society for Testing and Materials (ASTM) and 𝑇(𝜆k) 










Figure 5.8: FDTD simulated transmittance and reflectance versus experimentally 
measured transmittance and reflectance of (a) single-side and (b) double-side 






The WAT in case of plane glass was 90.56%. In comparison, the single-side and 
double-side anti-reflective glass registered WAT of 93.7% and 96.15%, 
respectively.  
In addition, the transmittance of POSS-based nanostructure ARC glass was 
measured over angles of incidence ranging from 0 to 60° from the normal to the 
substrate [Figure 5.9]. It is evident that the double-side ARC glass [Figure 5.9(b)] 
offers a considerably better transmittance than the plane glass [Figure 5.9(a)] over 
a range of angles of incidence. The transmittance varied from 98.2% to 95% 
within –40° to +40°. Moreover, a 6.3% to 3% point gain in the transmittance for 
double-side ARC glass was observed from that of the plane glass for angles of 
incidence from –50° to +50°, thus displaying the quasi-omnidirectional anti-
reflective property of the former. The reason for this quasi-omnidirectional 
character observed in the moth’s eye ARC glass is that the moth’s eye 
nanostructures produce an effective medium at the air-glass interface, where the 
refractive index follows a gradual transition from rarer to denser. This enables 
light rays incident at steeper angles to gradually bend inward, towards the normal 
as the medium gets denser (closer to glass), and therefore, transmittance increases 
as light rays deviate relatively less from the normal incidence.[28,74] The marked 
reduction in reflection off the surface of the double-side moth’s eye anti-reflective 







Figure 5.9: Contour plots of transmittance versus wavelength measured over 
range of angles of incidence for a plane glass (a) and a double-side ARC glass (b). 
The reflection of light from the surface of plane glass in (c) can be clearly seen to 
have dramatically reduced in the double-side ARC glass (d).  
 
Table 5.2: Transmittance and hemispherical reflectance of POSS-based 





(%) Types of Glass 
Moth’s eye ARC glass 
Double-side ARC 98.09±0.07 1.29±0.03 
Single-side ARC 95.07±0.10 4.92±0.05 






5.3.3 Durability assessment. 
To incorporate the POSS-based nanostructure ARC glass in PV it was important 
to assess the durability of the POSS-based nanostructure ARC by a series of 
ASTM based standard tests. These tests evaluated the durability and robustness of 
the ARC glass. It was observed that the ARC glass showed excellent resistance to 
moisture, heat, salinity and acid solutions.   
There was no change in the transmittance of the POSS-based anti-reflective glass 
even after 100 h of immersion in water at an elevated temperature of 85 °C. 
Similarly, no change in transmittance was observed after the ARC glass was 
exposed to fog produced by atomization of 5% NaCl aqueous solution at a 
temperature of 35 °C for 100 h. Moreover, no detectable change in transmittance 
was observed after 100 h immersion in an aqueous H2SO4 solution. However, 
when the POSS-based ARC glass was left immersed in an aqueous 0.1 M NaOH 
solution maintained at 60 °C, detectable drop in transmittance was observed after 
12 h. The transmittance curves of the MPOSS nanostructure ARC glass, after 
conducting the ASTM-based durability test can be seen in Figure 5.10. 
Abrasion resistance of ARC is essential in obtaining consistent optical 
performance, safeguarding against premature failure and preserving the surface 
aesthetics of the coated substrate. A pencil hardness measurement (ASTM 
D3363) is one of the standard industrial tests in determining the scratch resistance 
of a surface coating. Therefore, scratch resistance of the POSS-based thin films 





there were hardly any residual impression left by pressing and drawing pencil of 
hardness up to 2H [Figure 5.11(a)]. 
However, pencil of hardness 3H left noticeable impressions on the thin films 
[Figure 5.11(b)]. Thus, it can be inferred that POSS-based films have a pencil 
scratch hardness measuring 2H which offers better scratch resistance than some of 
the conventional polymer-based ARC fabricated from polycarbonate (pencil 
scratch hardness 2B), polyurethane (pencil scratch hardness HB).[181,182] In 
addition, comparing the nanoindentation hardness of the POSS-based thin film 
(0.14 GPa) with that of human nail (~0.12 GPa at 70% - 90% RH), it is seen that 
the former shows slightly higher hardness than the latter thereby imparting better 
scratch resistance for day-to-day handling.[183] 
 
Figure 5.10: Transmittance graphs of the POSS-based ARC glass (single-side) 
subjected to hot water immersion test, saline fog test, acid immersion tests and 
basic solution immersion tests compared with the transmittance of the moth’s eye 
ARC glass before these tests. Note that there is no detectable variation in the 
transmittance of the POSS-based ARC glass after conducting these tests for 100 h 






Figure 5.11: Scratch impressions made by pencil of different hardness on POSS-
based ARC. (a) show results of pencil scratch performed by 2H hardness and (b) 
show the pencil scratch performed by 3H hardness. It can be seen in (b) that a 
scratch made by pencil of 3H hardness leaves a noticeable mark on the POSS-
based ARC.   
 
5.3.4 Water repellency characterization. 
Adherence of rain or condensed water droplets to the cover glass of a PV can 
potentially affect the performance of the latter as the water droplets might hinder 
effective transmission of light to the underlying solar cell.[26,138] Rendering a 
surface water repellent not just tackles the issue of light scattering off these 
droplets, but also allows any attached dust or dirt to roll off the glass, thereby 
providing additional self-cleaning functionalities.[184] It was observed that the 
POSS-based nanostructure ARC glass exhibited hydrophobicity, with a contact 
angle of 133±1.1° as shown in Figure 5.12. The contact angle hysteresis was 
measured to be ~ 4°. Experimentally, the contact angle hysteresis shows the 
inclination at which a droplet pinned on a surface becomes unstable under gravity 








Figure 5.12: Water contact angle measured on the POSS-based moth’s eye 
nanostructure ARC glass. 
5.5. Conclusion 
In conclusion, a new class of hybrid material called methacryl POSS cage mixture 
has been successfully demonstrated to fabricate ARC comprising moth’s eye anti-
reflective nanostructure patterns on glass by thermal NIL technique. These POSS-
based moth’s eye nanostructure ARC on a glass substrate exhibited an excellent 
broadband anti-reflection property with transmittance of glass enhanced to 98.2% 
and quasi-omnidirectional antireflective performance over angles of incidence 
ranging from –50° to +50°. Furthermore, the POSS-based nanostructure ARC also 
showed superior resistance to moisture, heat, salinity and exposure to acid. In 
addition, a better adherence to glass substrate and an impressive scratch resistance 
offered by these ARC demonstrated their robustness and durability. The POSS-
based nanostructure ARC glass also show water-repellency characterized by a 
higher contact angle of 133°. The broadband and omnidirectional anti-reflection 
as well as durability and scratch resistance demonstrated for the POSS-based 
nanostructure ARC glass is superior to those studied for the porous 
nanostructured ARC in Chapter 3 and Chapter 4. These robust and high-





commercial applications in photovoltaics and various optoelectronic equipment, 
which are routinely exposed to adverse outdoor conditions. Furthermore, as this 
work involves acrylate-based monomers which are also UV curable, this makes 











Note: The research work presented in Chapter 5 has been published in the journal 
Energy & Environmental Science (Hemant Kumar Raut, S. S. Dinachali, A. Y. He, 
V. A. Ganesh, M. S. M. Saifullah, J. Law and S. Ramakrishna, Energy & 
Environmental Science, 2013, 6, 1929-1937) and certain portions have been 
reproduced with permission from The Royal Society of Chemistry.   
Chapter 6 
Moth’s Eye Inspired Multi-scale Ommatidial Arrays for          
Anti-reflection and Water Repellency Characteristics 
6.1 Introduction 
Besides planar glass, glass substrates with micro-lens arrays are ubiquitous in 
optoelectronic devices such as image sensors, biomimetic artificial eyes, light 
emitting diodes and solar energy devices.[5,7,15,186,187] The purpose of the 
micro-lens arrays is to concentrate light on the photo-diodes or solar cells for fill-
factor enhancement.[188] However, a portion of light incident on the lens arrays 
also gets reflected due to an abrupt change in refractive index at the interface. 
Reflection losses result in poor contrast under low-light conditions in image 
sensors and reduced efficiency in solar energy devices.[5,7] Parts of reflected light 
propagating through adjacent micro-lenses can also result in crosstalk and poor 
signal-to-noise ratio, thereby affecting the performance of these optoelectronic 
devices.[189]  
The compound eyes of many arthropods are also a curvilinear design of 
hexagonally packed micro-lenses called “ommatidia”.[62] However, in case of 
moths and certain other nocturnal organism, the ommatidial arrays are actually 
covered with a dense array of anti-reflective (AR) nanostructures.[23,24] While 
the AR nanostructures minimize the reflection of light, the ommatidial arrays 
focus the incoming light onto the internal photoreceptors, thereby enhancing the 





with ommatidial arrays, form an elegant framework of multi-scale patterns, called 
the multi-scale ommatidial arrays that equip the nocturnal moths with an 
unsurpassed capability to see even in dim starlight.[22] The multi-scale 
ommatidial arrays also enable the moth’s eyes to maintain an unhindered vision in 
humid environment by resisting adherence of nucleated fog or rain-drops on its 
eyes that could otherwise cause scattering of light.[26]  
It was observed in Chapter 5 that by introducing moth’s eye nanostructure 
patterns to a planar glass interface, a gradient refractive index could be realized 
that could impart broadband and quasi-omnidirectional anti-reflection 
properties.[23,24,64,71] Fabrication of moth’s eye nanostructure patterns on 
micro-lens arrays has also received great attention in recent times, not just for 
minimizing reflection losses but also for obtaining multi-functional properties 
such as water repellency and superhydrophobicity.[26,64,71] Foremost 
approaches to fabricate these multi-scale patterns involved the use of moth’s 
compound eye as a biological template.[63,121] Unfortunately, this approach is 
severely restricted by small area and fixed diameter of the original ommatidia. 
Alternative approaches to fabricate the desired patterns combined multiple 
fabrication techniques and involved several steps such as, fabrication of micro-
lens arrays followed by self-assembly of nanospheres on the arrays and in some 
cases, a final plasma etching through the nanosphere mask.[26,190-192] Presence 
of local defects and small pattern area also posed challenges to obtain uniform 






To overcome these challenges, a Sacrificial Layer Mediated Nanoimprinting 
(SLAN) technique is described in this chapter for the fabrication of multi-scale 
ommatidial arrays on large-area substrates. Nanoimprinting or nanoimprint 
lithography (NIL) is a simple pattern transfer technique that was demonstrated in 
Chapter 5 to fabricate moth’s eye nanostructure arrays on large-area planar glass 
substrates. However, for an effective pattern transfer into a surface by the NIL 
technique, surface flatness is essential. A surface with micro-lens arrays naturally 
presents a challenge to applying NIL for further texturing to form multi-scale 
patterns. To overcome these challenges, the SLAN technique follows a distinctive 
approach of first fabricating the moth’s eye AR nanostructure patterns on a 
thermoplastic film followed by imprinting of the micro-lens arrays. During the 
imprinting of micro-lens arrays, a sacrificial layer encapsulates the nanostructure 
patterns and prevents any deformation of the nanostructures. Being fully NIL-
based, the SLAN approach capitalizes on the scalability and high throughput of 
NIL and thus, enables fabrication of multi-scale ommatidial arrays on arbitrarily 
large-area substrates with a high degree of pattern uniformity and structural 
integrity. Replication of these arrays on glass substrates exhibits effective anti-
reflection not only over a broad spectrum but also at increasingly oblique angles 
of incidence. The unique, multi-scale texture also equipped the surface with 
superior water repellency through superhydrophobic characteristics. These multi-
functional properties enable the arrays to retain their superior optical properties in 







6.2.1 Materials.  
Flexible polycarbonate sheets of 1 mm thickness were purchased from 
Goodfellow Cambridge Limited, UK. Poly(sodium 4-styrenesulfonate) solution 
(20 wt.% in water) was purchased from Sigma Aldrich. Ultrapure Millipore water 
was used in all the experiments. Methacryl POSS® cage mixture (FW=1433.97 
g/mol) was purchased from Hybrid Plastics, Inc. It was used as-received. The 
initiator, benzoyl peroxide was purchased from Lancaster Synthesis and was used 
without further purification. 1,6-hexanediol diacrylate (Alfa Aesar) was used as a 
cross-linker.3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecaflurodecyl methacrylate 
(FEMA) was purchased from Sigma Aldrich. 
6.2.2 Nanoimprint lithography.  
A moth’s eye nanostructure containing Ni mold (3 cm × 2.5 cm) was used to 
imprint the AR nanostructures. Micro-lens molds of diameters 2 µm (hexagonally 
packed), 3.5 µm (square packed) and 20 µm (hexagonally packed) were fabricated 
by a photoresist reflow of pillar arrays discussed elsewhere and replicated into Ni 
molds.[193] A Karl Süss mask aligner (MA6) was used to fabricate the pillar 
arrays of predetermined dimensions and centre-to-centre distance. All the molds 
were thoroughly cleaned by treating with oxygen plasma. A self-assembled 
monolayer (SAM) coating of 1H,1H,2H,2H-perfluorodecyltrichlorosilane was 
carried out on the Ni molds to decrease their surface energy and ensure easier 
demolding. An Obducat Imprinter (Obducat, Sweden) was used to perform the 





a mixture of methacryl POSS and 1,6-hexanediol diacrylate was used as described 
in Chapter 5. A 4 wt.% of FEMA in the resist facilitated easier demolding by 
lowering the surface energy of the imprint. 
6.2.3 Characterization.  
The hemispherical (specular and diffused) reflectance measurements for the 
samples were performed using a Shimadzu SolidSpec 3700 UV-vis-NIR 
Spectrometer equipped with an integrating sphere attachment. Reflectance was 
measured at 10 different locations on the sample. Reflectance measurements at 
different angles of incidence were performed by using a variable angle reflectance 
measurement accessory attached to the spectrometer. The morphology of the 
multi-scale ommatidial arrays was studied by a JEOL JSM-6700F field-emission 
scanning electron microscope (FE-SEM) operating at 5 kV. Atomic force 
microscope (AFM) measurements were done using NanoWizard3 (JPK, 
Germany) set-up. Sharp cantilevers of resonance frequency of 300 kHz and force 
constant of 40 N/m (Budget Sensors Tap300-G, Bulgaria) were used. All 
cantilevers were used without previous treatment and resonance frequency was set 
at 90% of maximum resonance frequency. Pictures of resolution 2048 × 2048 
were obtained and analyzed in JPK Data Processing software (version spm-
4.3.39, JPK, Germany). 
The water contact angle measurements were performed using a contact angle 
measurement setup (VCA optima contact angle equipment from AST Products) in 





were averaged over at least ﬁve measurements performed over different areas of 
the sample.  
6.2.4 FDTD simulations.  
Simulations of reflectance for the multi-scale ommatidial arrays were performed 
by commercial finite-difference time-domain (FDTD) software, RSOFT 
FullwaveTM module. Multi-scale ommatidial arrays having ommatidial diameter 2 
µm and 20 µm arranged in a hexagonal packing configuration were modeled. 
Height of ommatidia in both cases were designed to have the same ommatidial 
contact angle. The moth’s eye nanostructures on the ommatidia were also 
modeled based on a hexagonal packing geometry with dimensions equal to those 
obtained from SEM observations. The simulation used non-uniform grid to model 
various part of the ommatidial arrays. For the AR nanostructure patterns, the grid 
size was 5 nm in the x, y and z direction. For the ommatidia of diameter 2 µm and 
20 µm, the grid size was 20 nm and 200 nm respectively. The use of non-uniform 
mesh allowed precise calculation and simulation at different parts of the multi-
scale ommatidial arrays with efficient usage of memory. Periodic boundary 
conditions were set for the x and y directions and perfectly matched layer (PML) 
boundary conditions were set for the z direction. A plane-wave source was 
directed along the z-axis to calculate the reflectance of the multi-scale ommatidial 
arrays. A monitor was set behind the plane-wave source to ensure correct 
measurement of the reflected waves. An additional monitor was added at 10 µm 






6.3 Results and discussion 
6.3.1 Fabrication of multi-scale ommatidial arrays. 
Figure 6.1 illustrates the SLAN process to fabricate the multi-scale ommatidial 
arrays. In a first step, the moth’s eye AR nanostructures were fabricated by 
imprinting the respective mold on a polycarbonate film (PC). The diameter and 
height of the nanostructures was ~200 nm and were arranged in a hexagonal close 
packed (hcp) pattern in accordance with the AR nanostructures found in a 
biological moth. An SEM image of this planer moth’s eye nanostructure array is 
shown alongside the illustration in Figure 6.1(a). The imprinted surface was then 
spin-coated with a 20 wt.% solution of poly(sodium 4-styrenesulfonate) (PSS) to 
form a thin film of ~500 nm [Figure 6.1(b) and Figure D1 in Appendix D]. A 
second imprinting of the micro-lens arrays was then performed on the 
nanostructured patterns encapsulated in the PSS thin-film, at a temperature higher 
than the glass transition temperature of PC. While the second imprinting was 
underway and the nanostructured surface was being molded into micro-lens 
arrays, the in-between PSS layer protected the underlying AR nanostructures from 
buckling or deforming. An SEM image after this intermediate step, as displayed 
in Figure 6.1(c), shows the PSS film covering the underneath multi-scale 
structures. Since PSS has a melting temperature (Tm) of 450 °C, which is much 
higher than that of the PC (Tm = 155 °C), the former doesn’t transform into a 
molten state and is able to firmly secure the AR nanostructures. After mold 
release, the imprinted substrate was immersed in water leading to complete 





advantage of the preferential solubility of PSS and polycarbonate in polar and 
non-polar solvents respectively. Thus, highly uniform multi-scale ommatidial 
arrays comprising micro-lenses covered with AR nanostructure patterns on top 
were produced as shown in Figure 6.1(d). The arrays were fully conformal to the 
curved portions of the ommatidia as well as flat inter-ommatidial regions. As 
shown in Figure 6.1(d) the AR nanostructures atop the micro-lenses preserved 
their protuberances after the completion of SLAN. On the other hand, imprinting 
performed in the absence of the sacrificial layer, though carried out at relatively 
lower temperature, left the AR nanostructures severely deformed [please refer to 
Figure D2(a) in Appendix D]. Besides, a conventional approach involving 
sequential imprinting of AR nanostructures upon an array of micro-lenses did not 
fully replicate the nanostructures on the entire surface of the lenses [please refer 
to Figure D2(b) in Appendix D].[194] We surmise that that the curvature of the 
micro-lens prohibited conformal contact with AR nanostructure mold during 
imprinting. On the other hand, the SLAN technique being fully NIL-reliant 
approach facilitated the fabrication of the multi-scale ommatidial arrays at a much 
faster speed over a larger area. Patterns were transferred with higher fidelity over 
the entire area of the substrate, indicating the potential for large area 
manufacturing. Any minor defects present in the final multi-scale ommatidial 
arrays were induced by surface defects present in the micro-lens molds, which 






Figure 6.1: Fabrication of multi-scale ommatidial arrays by SLAN. Process 
step shown in the schematic are: (a) Imprinting of moth’s eye AR nanostructures 
on a flexible polycarbonate substrate. An SEM image on the right shows the 
actual nanostructure arrays. (b) Coating of a sacrificial layer of poly(sodium 4-
styrenesulfonate), PSS fully covering the nanostructure arrays as shown in the 
corresponding SEM image. (c) Imprinting micro-lens arrays over the moth’s eye 
nanostructure arrays encapsulated within the sacrificial layer. SEM image on right 
shows a micro-lens after imprinting. The underlying AR nanostructures are 
hidden beneath the sacrificial layer (d) Simple washing of the imprinted substrate 
in water thereby removing the sacrificial layer. The SEM image on the right 





6.3.2 Structural characterization. 
Most compound eye inspired optoelectronic devices currently use micro-lens 
arrays with diameters ranging from 25 µm to 2 µm.[195,196] In accordance with 
these prevailing size-domains, we successfully fabricated a variety of multi-scale 
ommatidial arrays of diameters from 2 – 20 µm with hexagonal and square-
packed arrangements, as shown in Figure 6.2. Since the insect’s compound eyes 
have ommatidia arranged in a hexagonal packing, we selected the 2 and 20 µm 
hexagonally packed multi-scale ommatidial arrays for analysis of multi-functional 
properties. AFM images of these multi-scale ommatidial arrays (Figure 6.3) 
provided the height and diameter of the ommatidia that formed the basis for 
modeling of the arrays for simulation studies as discussed in the next section. 
These arrays were designed to have nearly the same ommatidial contact angles. 
After fabricating the multi-scale ommatidial arrays on a flexible substrate [Figure 
6.4(a)], a secondary Ni mold comprising the pattern was prepared. This allowed 
us to directly imprint the multi-scale ommatidial arrays on glass through a single-
step imprinting. In order to replicate multi-scale ommatidial arrays with 
appropriate robustness and durability, we used the previously discussed hybrid 
polymer resin containing methacryl POSS in Chapter 5 for the fabrication on 







Figure 6.2: SEM images of the multi-scale ommatidial arrays. Multi-scale 
arrays in (a) and (e) show a hexagonal close packed arrangement of individual 
micro-lenses while (c) shows a square packed configuration. Magnified SEM 
images of each variety of multi-scale ommatidial array are shown in (b), (d) and 
(f) with details of ommatidial diameter in the bottom frame. 
 
Figure 6.3: AFM images of the multi-scale ommatidial arrays. Multi-scale 






6.3.3 Optical characterization. 
Multi-scale ommatidial arrays can potentially enhance the light sensitivity of 
imaging devices and eliminate image glare by reducing reflection 
losses.[2,197,198] Reflectance reduction is also of significance in enhancing the 
efficiency of solar cells that use micro-lens arrays as light concentrators.[5] In 
order to determine the optimum diameter of the multi-scale ommatidial arrays, the 
FDTD simulations were performed with diameters of 2 and 20 µm while 
maintaining the same ommatidial contact angle and hexagonally packed 
configuration and compared their simulated reflectance. It was found that the 
multi-scale ommatidial arrays with ommatidial diameter 20 µm showed the 
lowest reflectance (please refer to Figure D3 in Appendix D). The hemispherical 
(specular + diffused) reflectance of the multi-scale ommatidial arrays of 
ommatidial diameter 20 µm replicated on glass, were measured. The reflectance 
plots of the arrays, as shown in the Figure 6.4(c), displayed a broadband reduction 
in reflectance between 400-1000 nm. The minimum reflection of a non-AR 
ommatidial array was reduced by ~4 percentage-points in the multi-scale 
ommatidial array due to the presence of AR nanostructures. Since the multi-scale 
ommatidial arrays were fabricated on a glass with a flat rear side, Fresnel 
reflections arising from the rear surface, contributed to the overall reflectance. 
Covering the rear surface with moth’s eye AR nanostructures further reduced the 
reflectance. A broadband reduction (400-1000 nm) in reflectance by ~7.1 
percentage-points was observed in the multi-scale ommatidial arrays equipped 





is attributed to an axial gradient in refractive index at the interface that is realized 
due to the unique shape of AR nanostructure patterns covering the micro-lenses as 
opposed to an abrupt change in index in micro-lenses without the AR 
nanostructures.[64,71] 
The minimum height (h) of the AR nanostructures can be theoretically determined 
by applying the condition for suppression of non-zero diffraction orders in the 
diffraction grating equation. It has been shown that for broadband anti-reflection, 





Figure 6.4: Optical properties of multi-scale ommatidial arrays. (a) Large-
area multi-scale ommatidial arrays on a flexible PC film fabricated by the SLAN 
technique. (b) Multi-scale ommatidial arrays comprising methacryl POSS, after 
replication on glass. Hemispherical reflectance curves of (c) multi-scale 
ommatidial arrays with AR nanostructures only on the ommatidial side versus the 
non-AR ommatidial arrays and (d) multi-scale ommatidial arrays with AR 
nanostructures present on both sides of the substrate. A broadband reduction in 





This also implies that for AR nanostructures of height ~200 nm, reflectance will 
gradually increase for wavelength, λ < 400 nm which can be seen in the 
reflectance profiles of the multi-scale ommatidial arrays in Figure 6.4. 
 Omnidirectional property is also an important characteristic of anti-reflective 
coatings because in solar cells, for instance, relatively higher reflection of light 
incident at increasingly oblique angles could affect the efficiency of the cell. 
Reflectance of the multi-scale ommatidial arrays was measured as a function of 
the incident angles of light, between 0-70º and a comparison with that of the non-
AR ommatidial arrays is shown in Figure 6.5(a) and (b). For angles of incidence 
up to 45°, the reflectance of the multi-scale ommatidial arrays remained below 
6% [within the blue regime of the contour plots shown in Figure 6.5(b)], almost 
over the entire spectral range of 300-1200 nm, while reflectance of the non-AR 
ommatidial arrays attained ~ 9% within the same spectral range. At relatively 
higher incident angles, between 40° and 60°, the reflectance of the non-AR 
ommatidial arrays reached ~ 15%, while the reflectance of the multi-scale 
ommatidial arrays was between 3-9%. In fact, even at sharply oblique angles of 
incidence, ranging between 60-70°, relatively higher reflectance could be seen for 
the non-AR ommatidial array in Figure 6.5(a) (larger portion in red and brown 
regimes). The average reflectance of the multi-scale ommatidial arrays was nearly 
six percentage-points lower than that of the non-AR counterpart at these highly 






Figure 6.5: Omnidirectional anti-reflection of multi-scale ommatidial arrays. 
Contour plots of reflectance versus wavelength measured over angles of incidence 
from 30-70° for (a) ommatidial arrays without AR nanostructures and (b) multi-
scale ommatidial arrays containing AR nanostructures on both sides. The 
rightmost panel shows the colour depicting each band of reflectance. 
6.3.4 Durability assessment. 
The methacryl POSS resist formulated in Chapter 5, was used for the replication 
of multi-scale ommatidial arrays on glass substrates because of its superior optical 
and mechanical properties. The superior robustness, scratch resistance, chemical 
and thermal stability of moth’s eye nanostructure arrays fabricated using this 
resist has been discussed in Chapter 5. 
6.3.5 Water repellency and anti-fogging characterization. 
While the multi-scale patterns in moth’s eyes enhance photon collection, the very 
same structures also resist adherence of rain-drops or nucleated fog on the eyes of 
the insect.[26] Attachment of water droplets on the eyes can cause scattering of 
light, compromising their visibility. It has been shown that a regular hierarchical 
roughness realized through multi-scale patterns can offer better water repellence 





Generally, superhydrophobicity conferred through surface roughness can be 
interpreted by the Cassie-Baxter model that considers a water droplet to rest partly 
on microstructured textures and partly on entrapped air pockets between the 
microstructures.[200] Since the multi-scale ommatidial arrays present a textured 
interface at both micron and sub-micron length-scales, we measured the contact 
angles formed by micrometric water droplets on their surface. Figure 6.6(a) shows 
the increase in water contact angle (WCA) as the surface texture became 
progressively multi-scale, namely, from planer to hcp micro-lens arrays and 
finally to multi-scale ommatidial arrays. Characteristic geometric length scales 
and feature morphologies also influence the degree of superhydrophobicity.[201] 
With increase in ommatidial diameter from 2 µm to 20 µm, we observed a 
noticeable improvement in the WCA, as shown in Figure 6.6(a). Finally, when we 
replicated the multi-scale ommatidial arrays on glass using the methacryl POSS 
containing resin, we obtained a WCA of ~151 ± 0.5°, a shown in Figure 6.6(b). 
Additionally, apparent advancing (θa) and receding (θr) WCA for the multi-scale 
ommatidial arrays were measured to be 152.0 ± 1° and 150.8 ± 1° respectively, 
which indicates a low contact angle hysteresis (θa - θr) ≤ 2°. Experimentally, the 
contact angle hysteresis shows the inclination at which a droplet pinned on a 
surface becomes unstable under gravity and starts to roll-off.[185] The enhanced 
water repellency of the multi-scale ommatidial arrays fabricated on glass can be 
attributed to both the multi-scale texture as well as the presence of the fluorinated 








Figure 6.6: Superhydrophobic characteristics of the multi-scale ommatidial 
arrays. (a) Water contact angle (WCA) on surfaces with progressively multi-
scale texturing. The multi-scale ommatidial arrays show the highest increase in 
WCA. (b) WCA measured ~151° on multi-scale ommatidial arrays, made of 






Water repellency through superhydrophobicity is crucial in retaining the superior 
optical properties of the multi-scale ommatidial arrays especially, in wet and 
humid environments. Uniform packing-density of the AR nanostructures in multi-
scale ommatidial arrays is crucial in obtaining the above properties, as any local 
defect could reduce the air fraction between the nanostructures.[26] Since the 
SLAN technique is capable of fabricating the multi-scale ommatidial arrays with 
a high degree of uniformity over a large area, we observed a consistent WCA over 
the entire patterned area.  
6.4 Conclusion 
In conclusion, we have demonstrated a simpler fabrication of multi-scale 
ommatidial arrays through a SLAN approach that uses only the nanoimprinting 
technique. The proposed fabrication enables realization of multi-scale ommatidial 
arrays over large-areas at a significantly higher throughput and pattern fidelity. 
FDTD simulations of these multi-scale ommatidial arrays showed that structures 
of 20 µm diameter offered the lowest reflectance which was verified 
experimentally. Additionally, these arrays exhibit multi-functional properties such 
as broadband and omnidirectional anti-reflection as well as superhydrophobic 
characteristics which are of potential application in image sensors, solar cells, 
LEDs and numerous other micro-optic components. These properties could enable 
retention of the superior optical properties of multi-scale ommatidial array even in 
wet and humid conditions, suggesting reliable optical performance in practical 
outdoor conditions. The SLAN technique, being a fully NIL-based approach, is 





automated industrial processes such as roll-to-roll and roll-to-plate fabrication on 










Note: The research work presented in Chapter 6 has been recommended for 
publication in the journal ACS Nano, with minor revisions (Hemant Kumar Raut, 
S. S. Dinachali, L. Y. Chong, R. Ganesan, K. K. Ansah-Antwi, A. Góra, K. E. 
Huat, V. A. Ganesh, M. S. M. Saifullah, S. Ramakrishna, “Multi-scale 
Ommatidial Arrays with Broadband and Omnidirectional Anti-reflection and 
Anti-fogging Properties by Sacrificial Layer Mediated Nanoimprinting”, revised 
manuscript under review with ACS Nano, 2014). 
ǂ A US Patent (No. 61/940,534) describing the fabrication of the multi-scale 
ommatidial arrays by Sacrificial Layer Mediated Nanoimprinting (SLAN) has 
been filed.  
Chapter 7 
Conclusion and Future Work  
7.1. Conclusion 
In the thesis, strategies for fabricating anti-reflective coatings (ARC) on glass 
through porous nanostructured ARC and anti-reflective nanostructure patterns 
have been investigated. Porous nanostructured ARC comprising densely-packed 
nanoparticles was observed to have a low refractive index, well suited for 
achieving anti-reflection property in glass. A polymer-directed sol-gel approach 
enabled fabrication of porous magnesium fluoride (MgF2) and silicon dioxide 
(SiO2) ARC on large-area substrates that exhibited good anti-reflection properties. 
Since broadband and omnidirectional anti-reflection are of immense significance 
in photovoltaics (PV) as well as numerous other optoelectronic devices, these key 
properties were enhanced by imparting anti-reflective nanostructure patterns to 
the glass interface. These nanostructure patterns fabricated using a hybrid 
polymer, called polyhedral oligomeric silsesquioxane (POSS) not only showed a 
broadband transmittance as high as 98.2% for glass, but also showed better 
robustness and durability than porous nanostructured ARC. Most importantly, 
these nanostructure patterns exhibited an omnidirectional suppression of 
reflectance up an angle of incidence of 50°. The nanostructure patterns also 
showed a water contact angle of ~133°, exhibiting hydrophobic water repellency.  
Taking cues from the better anti-reflection and water repellency characteristics 
obtained from the anti-reflective nanostructure patterns, multi-scale ommatidial 





arrays were fabricated on glass. Fabrication of these multi-scale arrays by a 
distinctive approach called the Sacrificial Layer Mediated Nanoimprinting on 
glass exhibited superior omnidirectional anti-reflection properties up to angles of 
incidence ~70°. The multi-scale ommatidial arrays also exhibited 
superhydrophobic water repellency with a contact angle of ~150°.  
A complete summary of the research undertaken in the thesis is presented in 
Table 7.1. To summarize, the moth’s eye nanostructure patterns on glass exhibited 
superior broadband and omnidirectional anti-reflection properties than porous 
nanostructured ARC on glass. The nanostructure patterns fabricated from a hybrid 
polymer called POSS, imparted higher robustness and durability to the ARC on 
glass. Incorporating the nanostructure patterns on micro-lens arrays, forming the 
multi-scale ommatidial arrays, further enhanced the omnidirectional anti-
reflection characteristics of glass, additionally imparting superior water repellency 
to the anti-reflective glass.  
7.2 Key research contributions  
The key contributions of the research undertaken in the thesis are summarized as 
follows: 
1. Moth’s eye nanostructure patterns comprising a hybrid polymer called 
polyhedral oligomeric silsesquioxane (POSS) not only imparted 
broadband and omnidirectional anti-reflection characteristics to glass 
substrates, but also exhibited better robustness and durability. 
2. Multi-scale ommatidial arrays on glass, comprising micro-lens arrays with 





omnidirectional anti-reflection characteristics of the glass substrate and 
also imparted water repellence properties. These multi-functional 
properties could help retain the superior optical properties of the anti-
reflective glass even in wet and humid conditions. 
3. Fabrication of these multi-scale arrays by the Sacrificial Layer Mediated 
Nanoimprinting approach enabled large-area fabrication of the arrays with 
high pattern fidelity.  
7.3 Future work 
In the context of fabrication of porous nanostructured ARC for glass substrates, 
discussed in Chapter 3 and Chapter 4, biodegradable polymers such as cellulose 
could be explored for synthesis of porous sub-wavelength films comprising 
cellulose nanocrystals. These materials have the intrinsic ability to self-organize 
into chiral nematic liquid crystal phase with a helical arrangement which could be 
explored to fabricate porous ARC on glass substrates.[203] 
In the context of moth’s eye nanostructure arrays, the precondition for obtaining 
effective anti-reflection characteristics in a substrate is a hexagonal close-packing 
(hcp) of the nanostructures. Thus, the ARC discussed in both Chapter 5 and 
Chapter 6 embodied an hcp arrangement of the nanostructure arrays. However, 
water repellency through superhydrophobicity is theoretically shown to improve 
by inculcating gaps between nanostructures. The hydrogen-bonded network of 
water molecules confront a barrier to invade critical separation of 100 nm realized 
through spacing between nanostructures.[204] Secondly, superhydrophobicity in 





chemistry.[201] Further improvements in water repellence properties of both the 
moth’s eye nanostructure arrays and the multi-scale ommatidial arrays could be 
realized by incorporating these design specifications and exploring other resin 
formulations comprising fluorinated and siloxane moieties for their fabrication. 
Device-level assessment of the anti-reflective glass comprising the moth’s eye 
nanostructure arrays as well as the multi-scale ommatidial arrays could be 
undertaken by integrating them into solar modules and Complementary Metal 
Oxide Semiconductor (CMOS) image sensor respectively. Analysis of 
enhancement in power output of a solar module and contrast enhancements in 
image sensors could provide important device specific information, of interest in 
photovoltaics, cameras and other miniaturized visual systems.  
Furthermore, many biological structures exhibit intricate multi-scale patterns 
which are of immense interest for enhancements of material properties such as 
wettability, structural color, dry adhesion and various other characteristics.[205] 
The Sacrificial Layer Mediated Nanoimprinting (SLAN) technique described in 
the thesis for fabrication of multi-scale ommatidial arrays could be further 






Table 7.1: A summary of the research on nanostructured ARC on glass substrates, described in the thesis. 


































Reflectance reduced by ~7 
percentage-points. 











Up to 30-40°. Up to 40°. Up to 50°. Up to 70°. 
Water repellency 
Low water contact 
angle. 
Superhydrophillic 
Water contact angle ~133°, 
hydrophobic. 











some ASTM tests. 
Robustness against 
chemical and thermal 
exposure. Better scratch 
resistance. 
Fabricated from the 
material discussed in 
Chapter 5. 
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Appendix A: Supporting information for fabrication of porous 
MgF2 ARC on glass 
In this Appendix, information pertaining to the optimization of the sol-gel 
precursor employed for fabrication of the porous MgF2 ARC on glass have been 
described. Additionally, information supporting the durability tests conducted for 
the porous MgF2 ARC glass substrates have been included.  
Sol-gel optimization: The precursor MT11A showed a very good adherence to 
glass substrate for sol-gel processing compared to the non-polymer precursor 
version, MT11. Preliminary studies were performed using three sol-gel 
precursors, MT11A, MT13 and MT31. Details of the precursors are given in 
Table S1. The thin-films fabricated from the precursors MT11A and MT31 were 
found to be transparent and exhibited anti-reflective property (Figure A1). ARC 
fabricated on one side of the glass by MT11A showed a superior transmittance 
than that of MT31. However, the thin-film fabricated from MT13 turned 
completely brown and showed a sharp drop in transmittance thus, being discarded 
from further study. MT11A (molar ratio of MGAC and TFA as 1:1) was selected 









Table A1: Composition of precursors formulated for preliminary studies to 














MT11 9.97 9.92 194.68 0 
MT13 4.00 13.06 194.68 PVAc: 0.012  
MT31 9.97 3.26 194.68 PVAc: 0.012  




Figure A1: Transmittance graphs and pictures of thin-films fabricated from 
precursors MT11A and MT31 on glass substrates. It can be seen that the 
transmittance of porous thin-films fabricated from MT11A is higher than that of 
MT31. The brown thin-film formed after calcination of MT13 on glass substrate 






Figure A2: Microscopic images and SEM images of the porous MgF2 ARC glass 





Appendix B: Supporting information for fabrication of porous 
SiO2 ARC on glass 
In this Appendix, information pertaining to the optimization of electrospinning 
technique to fabricate porous SiO2 ARC on glass have been provided. 
Additionally, information supporting the durability tests conducted for the porous 
SiO2 ARC glass substrates have been included. 
Optimization of sol-gel processing via Electrospinning: The duration of 
deposition of the nanofibres on a glass substrate determines the film thickness of 
the porous SiO2 ARC after calcination. The transmittance of ARCs corresponding 
to the initial coating duration has been summarized in Table B1.  
Similarly, the concentration of the SiO2 precursor, tetraethoxysilane (TEOS) also 
plays an important role in attaining the desired anti-reflection property. Table B2 
summarizes the transmittance obtained from glass coated for 30 minutes, with 







Figure B1: Curve showing the maximum transmittance of the porous SiO2 ARC 
glass obtained for coating duration from 10 to 45 minutes. 
 
Figure B2: Curve showing the maximum transmittance of the porous SiO2 ARC 




Figure B3: Microscopic images and SEM images of the porous SiO2 ARC glass 





Appendix C: Supporting information for fabrication of POSS-
based moth’s eye nanostructure arrays on glass 
In this Appendix, information pertaining to the preparation and optimization of 
resist for thermal nanoimprint lithography of moth’s eye nanostructure arrays on 
glass substrate have been provided.  
Optimization of resist: Methacryl POSS (MPOSS) resist compositions were 
formulated by mixing MPOSS with cross-linkers ethylene glycol dimethacrylate, 
1,4-butanediol diacylate and 1,6-hexanediol diacrylate in molar ratios of 1:8, 1:10 
and 1:12. These were spin-coated on glass and cured at 130 °C for 25 min to form 
thin-films. Transmittance measurement showed that a molar ratio of 1:12 for all 
the MPOSS-cross-linker combinations gave the highest marginal rise in 
transmittance.  
Out of these, the resist formulation comprising MPOSS and 1,6-hexanediol 
diacrylate, in 1:12 molar ratio showed the highest increase in transmittance to 






Figure C1: Transmittance graphs of plane glass and cured MPOSS-HDA thin 
films of thicknesses 700 nm, 450 nm and 200 nm, respectively on glass. Notice 
that there is hardly any change in the transmittance in case of the MPOSS-HDA 
thin films of different thicknesses in comparison to that of plane glass. This shows 
that the presence of a residual layer of 200 nm does not alter the transmittance of 






Appendix D: Supporting information for fabrication of multi-
scale ommatidial arrays on glass 
In this Appendix, information supporting the fabrication of multi-scale 
ommatidial arrays by sacrificial-layer mediated nanoimprinting have been 
described.  
 
Figure D1: A thin-film of Poly(sodium 4-styrenesulfonate) (PSS). 
 
 
Figure D2: (a) anti-reflective nanostructures buckled and deformed after 
imprinting of micro-lens, without a sacrificial layer to secure the nanostructure 
arrays (b) A conventional, direct imprinting approach involving imprinting of 
anti-reflective nanostructures atop previously imprinted micro-lens arrays that 







Figure D3: Finite-difference-time-domain simulations showing the reflectance 








Appendix E: Peel test methodology for nanostructured ARC glass 
Peel tests were carried out using the peel test apparatus shown in the schematic 
below (Figure S1 to appear in Appendix). The coated substrate was firmly 
mounted on a light weight, low-friction horizontal stage. A pressure sensitive 
tape, (Brand 3M Scotch 600) was used for the adhesive tape, and a length L of the 
tape was applied uniformly across the surface of the coated substrate and the other 
end of the tape was connected to a vertical stage via a digital force gauge (ELC-
09S Tensile Load Cell, Xiamen Elane Electronics). The adhesive tape was pulled 
vertically from the substrate at a constant speed, with the 90° geometry being 
maintained by means of a narrow support bar oriented along the inner bend of the 
adhesive tape. After peel-off of the tape, the coated substrate was examined under 
the optical microscope for any delamination or cracks on the film surface. 
 





Appendix F: Durability tests for nanostructured ARC glass 
The tests conducted to evaluate the durability of the nanostructured ARC glass 
substrates studied in the thesis, are described in the following table.  
Name of the test Description/Procedure 
Immersion test Immersion in water maintained at 85 °C 
for 100 h. 
 
Immersion acid test  Immersion in aqueous acid solution (100 
mM H2SO4) maintained at 35 °C for 100 
h.[180] 
 
Immersion base test Immersion in aqueous basic solution 
(0.1 M NaOH) maintained at 60 °C for 
100 h.[180] 
 
Saline exposure test Exposure to fog produced by 
atomization of 5% NaCl aqueous 
solution at a temperature of 35 °C for 
100 h. 
 
Scratch hardness test Pencil hardness scratch test involves 
using a standard scratch hardness tester 
(Erichsen, Model 291) that enables the 
test to be complaint with the Wolff-
Wilborn Test (ASTM D3359-02). 
Pencils of various grades of hardness 
(1H – 6H) are moved over the coating 
surface at an angle of 45° to the 
horizontal with a fixed force of 7.5 ± 0.1 
N. The specified force and angle 
remains constant throughout the test. 
The degree of hardness of the pencil 
which damages/scratches the coating on 
glass substrate is taken as a 
measurement of scratch hardness (e.g., 
“2H” hardness). 
 
